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1 16. Abstract 
j 
i 
I A n  expe r imen ta l  s tudy  of t he  e f f e c t s  of v a r i o u s  mod i f i ca t ions  t o  t h e  hol low ca thode  
d i s c h a r g e  r eg ion  of a 20 cm e l e c t r o n  bombardment i o n  t h r u s t e r  i s  p r e s e n t e d .  
i n t r o d u c t i o n  of  e l e c t r i c a l  i n s u l a t i o n  between t h e  main and ca thode  d i s c h a r g e  rrgi:lns 
i s  shown t o  have no s i g n i f i c a n t  e f f e c t  on t h r u s t e r  performance. 
t h e  d i ame te r  and l e n g t h  c f  t h e  ca thode  d i scha rge  r eg ion  from t h e  des ign  c o n d i t i o 2  
p e l l a n t  u t i l i z a t i o n  (-15%) when the  t h r u s t e r  i s  o p e r a t i n g  a t  about 30% o f  t h e  des ign  
t h r u s t  l e v e l .  
t h r u s t  l e v e l s .  The f e a s i b i l i t y  of u s ing  a h igh  v o l t a g e  t i c k l e r  e l e c t r o d e  t o  i n i t i a t e  
t h e  cathode-keeper d i s c h a r g e  i s  cons idered  and r e s u l t s  ob ta ined  sugges t  t h i s  mode o f  
s t a r t u p  is  u n s a t i s f a c t o r v .  
The 
Adjustment of both 1 
I 
I a r e  examined and t h e  reduced s i z e s  a r e  shown t o  e f f e c t  l a r g e  improvements i n  pr:)-- 
Performance improve!nents a r e  shown t o  h e  less s i g n i f i c a n t  a t  h i g h e r  
U n c l a s s i f i e d  - un l imi t ed  









! I9  
! U n c l a s s i f i e d  
~ 
Sccurity Classif. (of this report1 
I- ,. - .-. - 
' Fo! j d I ?  11y t i l e  National Techn ica l  l i i forniat ior? Sc rv l cc  $ I I i g : i d : i  V 
TABLE OF CONTENTS 
Page 
Ab st rac t . . . . . . . . . . . . . . . . . . . . . . . .  i 
I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . . . .  1 
[ l o l l  ow C,itiiode 1) i scharge  S t u d i e s  . . . . . . . . . . . .  ? 
F ~ C  i 1 i t  \J and Appara tus  3 . . . . . . . . . . . . . . .  
E l e c t r i c a l  I s o l a t i o n  o f  t h e  Yain and 
C n t h o d e  I )  i s c h a  r g e  s . . . . . . . . . . . . . . . . .  9 
V a r i a t i o n  i n  ( h t h o d e  D i s c h a r g e  Region 
Dimensions . . . . . . . . . . . . . . . . . . . . .  13 
S i m u l t a r i ~ o u ~  Flow D i s t r i b u t i o n  and Cathode 
Region Dimensional  Adjustments  . . . . . . . . . . .  18 
The Yatu re  of t h e  Arc C u r r e n t  T r a n s i t i o n  . . . . . .  39 
Fligli L’oLt,ige S t a r t u p  S t u d i e s  . . . . . . . . . . . . . .  5 1  
‘Thermal Flow ?Ie te r  . . . . . . . . . . . . . . . . . . .  55  
Re f e r ence  s . . . . . . . . . . . . . . . . . . . . . . .  6 1  
.lppt’ndix ‘1 - I n t e r p r c t a t i o n  o f  Langmuir Probe Data . . .  6 3  
Appendix B - Ion Beam F l a t n e s s  Parameter . . . . . . . .  6 7  
Appcsndix C; - E f f e c t  o f  C a t h o d e  D i s c l i a r g e  S i z e  on 
Ion  Losses  t o  Cathode Region Walls . . . .  6 (1 
ii 
LIST OF FIGL’RES 













1 3  
1 4  
1 5  
16 
17 
Schematic  Diagram o f  Power Supplv and Yeasurement 
S v s t e m . .  . . . . . . . . . . . . . . . . . . . . . .  
T h r u s t e r  Schematic  . . . . . . . . . . . . . . . . . .  
Langmuir Probe System C i r c u i t r v  . . . . . . . . . . .  
Ion  Beam C u r r e n t  D e n s i t v  P r o f i l e  Probe and C i r c u i t r v  . 
Main-Cathode D i s c h a r g e  I s o l a t i o n  Test  C o n f i g u r a t i o n s  . 
E f f e c t  o f  I n s u l a t i n g  S u r f a c e s  on Performance 
(Higli  Flow C o n d i t i o n ) .  . . . . . . . . . . . . . . . .  
E f f e c t  o f  I n s u l a t i n g  S u r f a c e s  on Performance 
(Low F low C o n d i t i o n )  . . . . . . . . . . . . . . . . .  
Cathode Dischdrge  Region C o n f i g u r a t i o n s  . . . . . . .  
T v p i c a l  Performance V a r i a t i o n s  w i t h  Cathode 
Il ischcirge S i z e  . . . . . . . . . . . . . . . . . . . .  
E f f e c t  o f  Cathode Di scha rge  Region Diameter & Length 
on Di scha rge  L o s s e s  . . . . . . . . . . . . . . . . .  
E f f e c t  of Cathode Flow Rate . . . . . . . . . . . . .  
Arc C u r r e n t  - Vol tage  C h a r a c t e r i s t i c s  . . . . . . . .  
E f f e c t  of Low Cathode Flow - S m a l l  Cathode D i s c h a r g e  
(Throttled F l o w )  . . . . . . . . . . . . . . . . . . .  
Arc Cur ren t -Vo l t age  C h a r a c t e r i s t i c s  - Small  Cathode 
D i s c h a r g e  ( T h r o t t l e d  T o t a l  Flow) . . . . . . . . . . .  
E f f e c t  o f  Low Cathode Flow - Small  Cathode D i s c h a r g e  
(High T o t a l  1710w)  . . . . . . . . . . . . . . . . . .  
Arc Cur ren t -Vo l t age  C h a r a c t e r i s t i c s  - Smal l  Cathode 
Di scha rge  (High T o t a l  F l o w )  . . . . . . . . . . . . .  
cat hod^ Flow arid D i s c h a r g e  Loss V a r i a t i o n s  w i t h  







1 1  
1 2  
14 
1 (3  
1 7  





- ’) r j  
2 7  
iii 
1 4  i . i t  I i \ ) , l l -  l ' i o w  .inil D i scha rge  L o s s  V a r i a t i o n s  w i t h  
( ' ~ i t l i ~ ~ t i ~ ~  Discli,irgc S i z e  ( T h r o t t l e d  T o t a l  Flow) . . . .  2 8  
19 C ' ' i t l l o d L >  Disclrnrge Plasma P r o p e r t i e s  (High T o t a l  
l ~ l o w )  . . . . . . . . . . . . . . . . . . . . . . . .  29 
20 Cathode Q i s c h a r g e  Plasma P r o p e r t i e s  ( T h r o t t l e d  
T o t a l  Flow) . . . . . . . . . . . . . . . . . . . . .  30 
33 2 1  E f f e c t  of Catliocie S l e e v e  on Beam P r o f i l e  . . . . . .  
2 2  E f f e c t  of a L i thode  Magnet ic  F i e l d  on Ion B e a m  P r o f i l e  33 
2 3  E f f e c t  of 3.5 cm I l iameter  P o l e  P i e c e  on B e a m  P r o f i l e  . 34 
2 4  E f f e c t  of Pole Piece -S leeve  S u b s t i t u t i o n  on 
Performance 36 . . . . . . . . . . . . . . . . . . . . .  
25 E f f e c t  o f  P o l e  P iece -S leeve  S u b s t i t u t i o n  on Arc 
37 C u r r e n t  L'oltage C h a r a c t e r i s  t i c s  . . . . . . . . . . .  
26 6r Cathode T i p  Temperature  v s .  Arc C u r r e n t  . . . . . . .  38 
2 7  
2 8  E f f e c t  of  Keeper C u r r e n t  a t  Var ious  Cathode Flows . . 40 
29 E f f e c t  o f  Cathode Flow on Keeper Vo l t age  . . . . . . .  43 
30 E f f e c t  of ?lode Change on Cathode Region E l e c t r o n  
D e n s i t y  . . . . . . . . . . . . . . . . . . . . . . .  4 4  
31 E f f e c t  o f  X o d e  Change on C a t h o d e  R e g i o n  Electron 
Temperature  . . . . . . . . . . . . . . . . . . . . .  45 
32 E f f e c t  of  ?lode Change on Cathode Power Losses  . . . .  47 
33 E f f e c t  of  Mode Change on Primary E l e c t r o n  Energy . . .  4 9  
34 E f f e c t  o f  Mode Change on Main Region E l e c t r o n  D e n s i t y  
. . . . . . . . . . . . . . . .  R a t i o  and Temperature  49 
35 kligh L'oltage S t a r t u p  Schematic  . . . . . . . . . . . .  5 2  
36 Enclosed Keeper C o n f i g u r a t i o n  . . . . . . . . . . . .  52 
37 H . V .  S t a r t  T e s t  Schematic  . . . . . . . . . . . . . .  54 













E f f e c t  of T i c k l e r  Vol tage  on Cathode Temperature  
a t  H . V .  Discharge  511 . . . . . . . . . . . . . . . . . .  
Thermal Flowmeter . . . . . . . . . . . . . . . . . .  5 7  
Thermal Flowmeter Output  . . . . . . . . . . . . . . .  58 
Thermal Flowmeter C a l i b r a t i o n  Curves . . . . . . . . .  59  
T v p i c a l  Langmuir Probe Data  . . . . . . . . . . . . .  6& 
T y p i c a l  Semi-Log P l o t  of  Cathode Data  . . . . . . . .  6 4  
Langmuir P r o b e  TI-ace C o n s t r u c t i o n  . . . . . . . . . .  65 
Nain D i s c h a r g e  b laxwel l ian  E l e c t r o n  P l o t  . . . . . . .  65 
E f f e c t  of  Cathode Region Dimensions on E l e c t r o n  
D e n s i t y  . . . . . . . . . . . . . . . . . . . . . . .  7 0 
E f f e c t  of Cathode D i s c h a r g e  S i z e  on D i s c h a r g e  Losses  
due to Ion Flux to C o n f i n i n g  Walls  (Fixed Cathode 
Flow) . . . . . . . . . . . . . . . . . . . . . . . .  7 2  
E f f e c t  o f  Cathode D i s c h a r g e  S i z e  on Discharge  L o s s e s  
due t o  Ion Flux t o  C o n f i n i n g  Walls ( V a r i a b l e  
Cathode Flow) . . . . . . . . . . . . . . . . . . . .  7 3  
V 
I N  TROD 1; CT I ON 
Tire hu l low ca thode  i s  widel\ .  used t o  g e n e r a t e  e l e c t r o n s  in ‘irl 
e I c c t r o n  bnmbardment ion t h r u s t e r  b e c a u s e  i t  e x h i b i t s  l o n g  l i f e  c l i a r -  
i c t e r i s t i , i  <rnd can be g r a n d  t e s t e d  b e f o r e  i t  i s  used on n f l l g h t  
miss iur i .  T\ie i n t r o d u c t i o n  of t h e  hollow c a t h o d e  i n  p l a c e  of  t h e  o ~ i d t  
c,it!iodtis r e s u l t e d ,  however,  i n  i n c r e a s e d  t h r u s t e r  c o m p l e x i t y ,  b o t h  11’ 
~ ~ ~ r n i -  o f  r e q u i r e d  s u p p o r t  s v s t e m s  and t h r u s t e r  d i s c h a r g e  phenomena. 
Incri.ac,ed \ u p p o r t  sys t ems  complex i tv  a r i s e s  because  o f  t h e  a d d i t i o n  c t 
: 1 c d t  hode  mercurv feed svs t em,  c a t h o d e  h e a t e r  s v s t e m  and k e e p e r  
1 1 1 1 .  ~ L L  c I i<irge plii~nomc7a , i re  more romp Lex i n  ho l low ca thode  t h r u s  t e r i  
b e (  au ic ’  two t l i i t i n c t  d i  , cha rge \  a r e  p r e s e n t  ( ca thode  and main d i i c l  1 1 1  
c ~ i i d  bcc ci iLic  t i i t ’  clet,ii 1t.d mechanism o f  ho l low ca thode  o p e r a t i o n  i 5 :lot 
i indtxrit  a o d .  
IILc, f o c u i  of tlrc r e s e a r c h  e f f o r t  d e s c r i b e d  h e r e i n  i s  t h e  hollow 
I ,itliodc d i 5 r  Ii,irge tnd tlie e f f e c t  o f  v a r i a t i o n s  i n  c a t h o d e  d i s c h a r g e  t l i  - 
ncni ion . , ,  c . i t t iodi,  mcri I I T V  f low ratc’ and c a t h o d e  p o l e  p i e c e  w a l l  contliic - 
t i v i t L  on t l i ru’ , te r  performance v a r i a b l e s  and main and c a t h o d e  - 
plainia  p r u p c l r t i e i .  Ihese  s t u d i e s  a r e  d i r e c t e d  a t  r e d u c i n g  d i  s c h s r g e  
l o s i e s ,  i n c r e a s i n g  propcl l lan t  u t i l i z a t i o n ,  f l a t t e n i n g  t h e  i o n  l,c,+n? pro- 
file and u n d e r i t , t n J i n g  i-he mechanism bv  which t h e s e  q u a n t i t i e s  change 
t h r o u g l  . i n r t l v \ i i  o f  mc.ac,ured v a r i a t i o n s  i n  plasma p r o p e r t i e s .  The s t u d i c -  
i ~ n v c  I ~ c  , ,n  c c i r r i e d  o u t  d t  two t o t a l  p r o p e l l a n t  f l ow c o n d i t i o n s  co r t c : , l )u  
i n g  t o  11)7 . ~ n d  6Q7’ o f  f u l l  t h r u s t .  
Tlie i t , i r t ~ i p  i l i , ir , ict  e r i 5 t i c  o f  hol low c a t h o d e  d i s c h a r g e s ,  w111 1 1  1 -  
v o i v e s  he,it i n g  t he  ca thode  t o  t h e r m i o n i c  e m i s s i o n  t e m p e r a t u r e s  w ;  t 11 I 
r c i i 5 t n n c e  l i e , i t e r ,  has been somewhat u n p r e d i c t a b l e  . A d d i t i o n a l  i t  idi6.C 
1cJpor ted  l i e r e i n  have b e r n  c e n t e r e d  on t h e  u s e  of a h i g h  voltag:c (1 
t o  tlir c ~ i t h o ~ l ( ~  ~5 J m r ’ a r r s  of  a s s u r i n g  r e l i a b l e  s t a r t u p .  Thc u l t i m , i t (  
1 
ive o f  i u t  11 an  t > f f o r t  i s  t h e  e l i m i n a t i o n  of t h e  cdthodc h ta t ( - . r  I 
f a v o r  ( f liiglr v o l t a g e  d i 5 c h a r g e  h e a t i n g  and s t a r t u p .  T h i s  modi. of- 
s t a r t u p  c o u l d  tlien h e  compared t o  t h e  r e s i s t a n c e  h e a t i n ?  mode in ti,rni, 
o f  ye 1 i c i l i i  1 i i v  and w ~ i g l i t .  
1 
The t e s t s  were perf~orme.d i n  the ( ;p iorado  State I . n i v e r s i t \ -  1 . 2  :E di i .  
s 4 . 6  in l o n g  i o n  t h r u s t t r  t e s t  f a c i l i t . : .  The p r e s s u r e  i n  t h e  t'in!; w.i:-. 
oiainLaineci a t  l e s s  than 4 x 10 t o r r  d u r i n g  a p e r a t i o n .  The thrus t? ! -  
- i >  
fired i n t o  a r a d i a t i o n  coo led  s t a i n l e s s  s t ee l  t a r g e t  l o c a t e d  a b o : i t  
4 :n t r u n  ( h e  t t i ru s t c ; r .  
Powiir  i s  s i i p p 1 i c . d  t o  t h e  t h r u s t e r  s\'sterns frorri t h e  power supp l  i 
~ s \ i m : ~ i i  s c t i t ~ l ; i ~ ~ t i ~ i i l l ' . .  0 1 1  Fif;ure I .  As suggt l s ted  b y  this  s c h e m a t i c ,  thc 
c;i t l iode ;iid m a i n  fcied s v s t e m s  f t o a t  a t  t h e  t h r u s t e r  p o t e n t i a l  r a t h i  T- 
t h a n  l jc i i ig  i i c c l d  a t  grciund pot .en t ia1  th rough  an i s o l a t o r .  A n e u t r a l  1 ' ( ' 7 -  
'!:is n m ) t  hec 'n  u.;c,ti i n  t h c s c  t e s t s  so beam n e u t r a l i z a t i o n  has been ac!! i i . - \  
i.;: i ~ 1 c ~ ( ~ ~ r o r i s  iro!n t i i t .  v,ic~iium t a n k  wal Is. 
A .!O ~ ' : 1 1  i i i t i .  Iial low c a t h o d e ,  bombardment t h r u s t e r  o b t a i n e d  from t!i,, 
-Jet. l ' ro! iuls i  on l,alior-at-or\r was criiploved'  ' ' .  T h i s  t h r u s t e r  u t i l i z e s  a 
i i  ingle revc'rse main Fcxed entr'. ' i n t o  t t i e  main d i s c h a r g e  r e g i o n .  ?'iie 
t i i r u s t e r  sciiilrnat i C: is F i g u r e  2 .  Two no tewor thv  changes have  been inti::- 
I)or;!titd into the. b a s i c  t!lruster s i n c e  t e s t s  began .  They a r e :  I-) t t l t y  
r e m o v ; ~ I  o E  t h e  s c r e e n  g r i d  b r a c e s  d i s c u s s e d  i n  Refe rence  3 and 2 )  i n -  
~ , c a . ; i i i ) ;  tile g r i d  s e p a r a t i o n  d i s t a n c e  above t h e  values used hv  J P L .  Bo th  
c h a n g e s  were i n c o r p o r a t e d  t o  p r e v e n t  a r c i n g  between t h e  g r i d s  a t  big;! 
power cond i  t i  ons. Arc ing ,  which w a s  obse rved  d u r i n g  ear1.y t e s t i n g  w i i i ~ n  
.1ri3 power was ra i sed  t o  h i g h  v a l u e s  probab:ly because of  expansion (:f t l l c '  
s c r e e n  g r i d  br ; ices ,  w a s  c l l iminated when t h e  b r a c e s  were removed. i t i r  
i n c r e a s e d  g r i d  s e p a r a t i o n  d i s t a n c e  r e s u l t e d  i n  an  i n c r e a s e  i n  a r c  (ii,-;- 
i h a i - g i ~  losses o v e r  l o s s e s  obse rved  w i t h  lesser  s e p a r a r i o n s ,  b u t  t!&; 
d i  s t . i n c e  was lie Id  I :ons tan t  t h roughou t  t h e  t e s t s  t o  f a c i l i t a t e  C o m p ; 1 r c i t  i , , ; ! ,  
i r ? t c r p r l ~ t : i t i o n  ( ) f  t h c  d a t a .  The c a t h o d e  used i n  tlie t e s t s  was O . i ?  ('I,, 
;u!d i t  i i i i t i  a O . O h ' 3  ciii d i a .  o r i f i c e  i n  i t .  
> I c ~ a ~ ~ ~ r e m e n t -  o f  a r c  Lwltage,  a r c  c u r r e n t ,  beam c u r r e n t  , ;lnd kL?tePcl- 
re  o h t , i i n e d  From d i g i t a l  v o l t m e t e r s  s c J n s i n g  t h e  v o l  t,ijie L I ~ ~ I - ~ : : ; ~ :  
3 i l i ,  1 o,i(l  or .i s l i l i n t .  ; i nd  t h e  v a l u e s  a r e  cons  idered accurntt' t Lj  1:i t i l i r l  
j 1 1  ' I .  Otiit-r c , j r ren t . ;  2nd  v o l t : i g e s  we're rc;id o n  nnnt.1 m L J t  
I_ 
r-i a 
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A N I ~ D E  L E N G T f i - 1 2 , 7  CM,  
G R I D S  - APERTURE D I A I - 0 1 L i 6 2  CM, 
S C ~ ~ E E N   THICKNESS-^,^^^ CM, 
OPEN ~ ~ ~ - 7 2 2  
G3IU S E P N I - 0 , 1 7 8  CM, 
C A T H ,  POLE ~ I E c E - 6 ~ 3 5  CM, D I A ,  X S , 3 3  CM, 
BAFFLE D I A , - 5 , 4  CMI 
THRUSTER SCHEMATIC 
Ir 
PIercurv f low rates were o b t a i n e d  by measur ing  t h e  t ime r e q u i r e d  f o r  <: 
mercury column t o  f a l l  th rough two s c r i b e  marks on Q . 9  mm b o r e  g l a s s  
t u b e s .  I n i t i , i l  c a l i b r a t i o n  of  t h e s e  t u b e s  was accompl ished  b v  mcasur- 
ing  t h e  ma5s o f  mercury between t h e  marks w i t h  an a n a l v t i c a l  b a l ' i n c e .  
' Iercurv f low r a t e s  were c o n s i d e r e d  a c c u r a t e  t o  w i t h i n   SO d a t a  c o u l d  
he recorded ,  when t h e  f o l l o w i n g  c o n d i t i o n s  were m e t :  
1 )  Two c o n s e c u t i v e  measurements y i e l d e d  f l o w  r a t e  v a l u e s  
w i t h i n  1 7  o f  each  o t h e r .  
2 )  No s i g n i f i c a n t  v a r i a t i o n s  i n  t h r u s t e r  o p e r a t i n g  cond i t ion .  
were ub7erved  d u r i n g  t h e  two measurements .  
'3) No s i g n i f i c a n t  v a r i a t i o n s  i n  mercury v a p o r i z e r  t e m p e r a t u r e <  
w p r e  d e t o c t e d  d u r i n g  t h c  measurements ( thermocouple  meter 
a c c u r a c v  abou t  t 1 ° C ) .  
T e ; t s  were conducted  a t  two t o t a l  f low c o n d i t i o n s  namelv:  535 ~ ' l r l  
e q u i v .  k 1 7  which produces  a maximum beam c u r r e n t  n e a r  t h e  a l l o w a b l e  
maximum o f  t h e  a v a i l a b l e  h i g h  v o l t a g e  power s u p p l v ,  and 4 6 5  m a  e q u i v .  
2 1% which r e s u l t e d  i n  abou t  h a l f  o f  t h e  beam c u r r e n t  o b s e r v e d  a t  tt-1,. 
h i g h  f l o w .  J P L  h a s  r e p o r t e d  s a t i s f a c t o r y  o p e r a t i o n  up t o  a beam c u r r t  
l eve l  of 1 . 3  a w i t h  a s i n i l a r  t h r u s t e r  ( t o t a l  f l ow - 1 . 4  a)3  s o  t h e  
t h r u s t e r  w a s  o p e r a t i n g  n e a r  607 and 3q% of t h e  maximum t h r u s t  l e v e l  du r -  
ing t h e s e  t e s t s .  
The g e r ~ e r , i l  p rocedure  used  t o  o b t a i n  d a t a  i n v o l v e d  t h r u s t e r  stdti I , 
s a t i o n  and f l o w  ra te  measurement o v e r  a p e r i o d  o f  a p p r o x i m a t e l v  one  1 1 c 1 1 1 1  
a t  t h e  f o  I lowir ig  c o n d i t i o n s :  
Arc Vo l t age  = 37 v 
Keeper Cur ren t  = 0 . 5  a 
Flagne t Cur ren t  = 1 . 7  a 
High Vol t  ages  = + 2 k v  
Cathode Heater C u r r e n t  = 0 a 
1,angmuir probe and i o n  beam c u r r e n t  d e n s i t v  p r o f i l e  d a t a  were t C i h t  
a t  t h e s e  c o n d i t i o n s .  The a r c  v o l t a g e  w a s  n e x t  v a r i e d  and a r c ,  heairi, 1\2ept r 
,ind impingement d d t a  were g a t h e r e d  as q u i c k l v  as p o s s i b l e  i n  t h e  folim- 
i n g  a r c  v o l t a g e  ciequence: 37 v ,  41) v ,  45 v,  50 17, 55 v ,  3 7  v ,  30 v ,  
37 v. T i c  d a t a  c o L l e c r i o n  o v e r  t h e  v a r i a b l e  a r c  v o l t a g e  sequence  ger l t 'L, i I '  
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r e q u i r e d  abou t  two m i n u t e s ,  and t h e  mercurv f low i n t o  t h e  t h r u s t e r  wni; 
a f f e c t e d  d u r i n g  t h i s  p e r i o d  t o  an e x t e n t  which depended on t h e  v a r i a t i c . n  
i n  a r c  c u r r e n t  t h a t  o c c u r r e d .  The e x t e n t  and e f f e c t  of  v a r i a t i o n s  in 
f lows  can  be de t e rmined  i n  t h e  d a t a  p r e s e n t e d  i n  t h i s  r e p o r t  by c o n s i d c r -  
ing t h e  v a r i a t i o n  i n  d a t a  o b t a i n e d  a t  t h e  b e g i n n i n g ,  midd le  and end o f  
t h e  sequence  a t  37 v .  Data o b t a i n e d  a t  37 v a r c  v o l t a g e  are i d e n t i f i e d  
on performance  c u r v e s  as s o l i d  symbols  and t h r e e  such  p o i n t s  w i l l  be  
i n d i c a t e d  i f  s i g n i f i c a n t  v a r i a t i o n s  were obse rved .  
beam p r o f i l e  and more a c c u r a t e  per formance  d a t a  were d e s i r e d  o v e r  a range  
o f  a r c  v o l t a g e  c o n d i t i o n s ,  s t a b i l i z e d  t h r u s t e r  o p e r a t i o n  and f low rat?  
c o n s i s t e n c y  w a s  e s t a b l i s h e d  a t  e a c h  a rc  v o l t a g e .  
When Langmuir p robe ,  
Plasma p r o p e r t i e s  were s e n s e d  by two Langmuir p r o b e s ,  one l o c a t e d  <it 
a r a d i u s  o f  5 cm a t  t h e  b a f f l e  p l a n e  i n  t h e  main d i s c h a r g e  and t h e  o t h e r  
l o c a t e d  a t  a r a d i u s  of  1 c m ,  0 .75  c m  a f t  o f  t h e  ca thode  i n  t h e  ca thode  
d i s c h a r g e  r e g i o n .  The p robes  were made of  0 .074  c m  d i a .  t a n t a l u m  wire 
e x t e n d i n g  0.127 cm bevond t h e  end of  t h e  aluminum o x i d e  i n s u l a t i n g  w i r e  
con ta inmen t  t u b e .  Thcl aluminum ox ide  t u b e s  were r e p l a c e d  a f t e r  abou: 'CJ 
l lours  o f  o p e r a t i o n  t o  p r e v e n t  t h e  fo rma t ion  of  a c o n d u c t i n g  l a y e r  on 
t h e i r  s u r f a c e .  P robes  were h e l d  a t  a v o l t a g e  of  +60 t o  +90 v f o r  a 
p e r i o d  of  s e v e r a l  s econds  j u s t  p r i o r  t o  d a t a  c o l l e c t i o n  t o  b u r n  o f f  probe  
s u r f a c e  c o n t a m i n a t i o n  . Langmuir probe  d a t a  were r e c o r d e d  t h r o u g h  t h e  
c i r c u i t r y  shown i n  F i g u r e  3 on an 11 i n .  x 1 4  i n .  p l o t t i n g  s u r f a c e  x-y 
p l o t t e r .  The method of  i n t e r p r e t a t i o n  of  r a w  Langmuir p robe  d a t a  i s  
p r e s e n t e d  i n  Appendix A .  
4 
The t e m p e r a t u r e  o f  r h e  c a t h o d e  t i p  was sensed  by a tungs ten- -5% 
rhenium,  tungsten--26% rhenium thermocouple  s p o t  welded t o  i t  a t  t h e  
edge  of  t h e  t u n g s t e n  o r i f i c e  p l a t e  and connec ted  t o  a n  A P I  thermocouple  
meter. 
T h e  i o n  beam c u r r e n t  d e n s i t y  p r o f i l e  w a s  s ensed  by  a Faraday  p rcbc  
whic l i  cciuld be swept th rough t h e  i o n  beam manual ly  d u r i n g  t h r u s t e r  
o p e r , i t i c n .  
p robe  r eadou t  are shown in F i g u r e  4 .  The s e n s o r  w a s  b i a s e d  +9 v r e l a -  
t i v e  t o  t ank  ground t o  s u p p r e s s  e r r o r  due t o  secondarv  e l e c t r o n s .  A11 
beam probe  d a t a  were t a k e n  w i t h  t h e  s e n s o r  l o c a t e d  5 c m  downstream o f  
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0.79  cm. i . d .  S t a i n l e s s  
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t h e  a c c e l  g r i d .  The d a t a  o b t a i n e d  were t r a n s l a t e d  i n t o  t h e  beam F r o i i l :  
f l a t n e s s  p a r a m e t e r  (1:) d e s c r i b e d  i n  Appendix 5.  This p a r a m e t e r  h a s  a 
v a l u e  of u n i t y  f o r  a f l a t  p r o f i l e ,  a v a l u e  of  z e r o  f o r  a d e l t a  f u n c t i r s  
p r o f i l e ,  and i t  w e i g h t s  t h e  r a d i a l  v a r i a t i o n  i n  c u r r e n t  d e n s i t y  a c c o r d -  
i n g  t o  t h e  i n c r e a s e d  beam area a t  g r e a t e r  beam r a d i i .  
E l e c t r i c a l  I s o l a t i o n  of t h e  Main and Cathode D i s c h a r g e s  
S ince  t h e  main and c a t h o d e  d i s c h a r g e  r e g i o n s  of  t h e  t h r u s t e r  s u s -  
t a i n  d i  f f e r e n t  plasma p o t e n t i a l s ,  t h e  p o s s i b i l i t v  o f  i n t r o d u c i n g  
e l e c t r i c a l  i s o l a t i o n  between t h e  d i s c h a r g e s  a t  a l l  l o c a t i o n s  b u t  t h e  
b a f f l e  a p e r t u r e  w a s  i n v e s t i g a t e d .  I t  w a s  e x p e c t e d  such  i s o l a t i o n  woii  1 d 
r e d u c e  i o n  w a l l  c u r r e n t s  by r e d u c i n g  t h e  m o b i l i t y  o f  e l e c t r i c a l  c h a r g e  
a round and through t h e  b a f f l e  and c a t h o d e  p o l e  p i e c e  w a l l s  and t h a t  t h i s  
would i n  t u r n  r e s u l t  i n  reduced  a r c  d i s c h a r g e  l o s s e s .  
Two t e s t s  were conducted  u s i n g  0.0127 c m  t h i c k  Poly imide  Kapton H 
F i lm f i t t e d  i n  t h e  c a t h o d e  p o l e  p i e c e  r e g i o n  i n  t h e  manner s u g g e s t e d  i n  
F i g u r e  5 t o  e f f e c t  thc> d e s i r e d  e l e c t r i c a l  i s o l a t i o n .  Per formance  c1:- ec- 
o b t a i n e d  w i t h  t h e s e  c o n f i g u r a t i o n s  are compared t o  t h e  s t a n d a r d  u n i n s u -  
l a t e d  performance c u r v e s  i n  F i g u r e s  6 and 7 which c o r r e s p o n d  t o  t h e  h i g h  
and t h r o t t l e d  t o t a l  f l o w  c o n d i t i o n s  d i s c u s s e d  p r e v i o u s l y .  For  t h e  h i g h  
f low c a s e  p r e s e n t e d  i n  F i g u r e  6 ,  no s i g n i f i c a n t  v a r i a t i o n  i n  per formance  
i s  o b s e r v e d ,  when t h e  Kapton i s  used i n s i d e  t h e  p o l e  p i e c e  o r  as a 
b a f f l e  and p o l e  p i e c e  c o v e r .  
F i g u r e  7 d o e s  show about  a 5 %  i n c r e a s e  i n  u t i l i z a t i o n  when Lhe i n s i d e  
of  t h e  p o l e  p i e c e  i s  c o a t e d  w i t h  Kapton. P a r t  of t h i s  may b e  a c c o u n t t d  
f o r  i n  t h e  measured 0.050 gram w e i g h t  loss of  t h e  Kapton and t a p e  used rc l  
s e c u r e  i t  d u r i n g  t h e  t e s t .  A s s i g n i n g  a n  a v e r a g e  a t o m i c  w e i g h t  o f  12. t o  
p a r t i c l e s  coming from t h e s e  m a t e r i a l s ,  t h i s  t r a n s l a t e s  i n t o  a n  a v e r a g e  
f low ovt’r t h e  d u r a t i o n  o f  t h e  t e s t  of a b o u t  10 m a  e q u i v .  which would 
c o r r e s p o n d  t o  a 2 %  i n c r e a s e  i n  u t i l i z a t i o n .  C o n s i d e r i n g  t h i s  e f f e c t  and 
experimcbntal  e r r o r s ,  t h e  o b s e r v e d  i n c r e a s e  i n  u t i l i z a t i o n  i s  n o t  con- 
s i d e r e d  s i g n i f i c a n t .  
Langmuir probe  d a t a  o b t a i n e d  d u r i n g  t h e s e  t e s t s  s u g g e s t  no signiflc :II* 
9 
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EFFECT OF INSULAT I IiG SURFACES Oil PERFORr"4ANCE 
(LON FLON COdD I T I  ON ) 
1 2  
v a r i a t i o n s  i n  main and c a t h o d e  plasma p o t e n t i a l s  when t h e  i n s u l a t i o n  is 
i n s t a l l e d .  The Kapton f i l m s  showed a s l i g h t  c h a r r i n g  when t h e y  were 
removed from t h e  t h r u s t e r ,  b u t  t h e  minimum s u r f a c e  r e s i s t a n c e  between 
p r o b e s  s e p a r a t e d  by  one i n c h  on t h e  f i l m  s u r f a c e s  w a s  g r e a t e r  t h a n  
15,000 s2 i n  t h e  r e g i o n s  of l o w e s t  r e s i s t a n c e .  
It w a s  c o n c l u d e d  from t h e s e  t e s t s  t h a t  e l e c t r i c a l  i n s u l a t i o n  on t h e  
ca thode  p o l e  p i e c e  and b a f f l e  s u r f a c e s  i s  n o t  e f f e c t i v e  i n  r e d u c i n g  d i s -  
c h a r g e  l o s s e s .  I t  i s  b e l i e v e d  t h e  i n s u l a t i o n  was i n e f f e c t i v e  b e c a u s e  
e l e c t r i c a l  communication between t h e  main and c a t h o d e  d i s c h a r g e s  was 
a c h i e v e d  through a h i g h  c o n d u c t i v i t y  i n t e r f a c e  be tween t h e  Kapton and 
t h e  plasma i n  t h e  o p e r a t i n g  t h r u s t e r .  
V a r i a t i o n  i n  Cathode D i s c h a r g e  Region Dimensions 
5 
P r e l i m i n a r y  i n v e s t i g a t i o n s  conducted  a t  Colorado  S ta t e  U n i v e r s i t y  
s u g g e s t e d  a r c  d i s c h a r g e  l o s s e s  c o u l d  b e  reduced  t h r o u g h  a d j u s t m e n t s  i n  
t h e  d i a m e t e r  o f  t h e  c a t h o d e  d i s c h a r g e  r e g i o n .  I n  o r d e r  t o  e x t e n d  t h i s  
work, t h e  t h r u s t e r  was m o d i f i e d  so  t h e  c a t h o d e  c o u l d  b e  moved a x i a l 1 1  
d u r i n g  t h e  t h r u s t e r  o p e r a t i o n  w i t h i n  t h e  c a t h o d e  p o l e  p i e c e  o r  c y l i n d i i -  
c a l  sleeves c e n t e r e d  i n s i d e  t h e  p o l e  p i e c e  i n  t h e  manner s u g g e s t e d  i n  
F i g u r e  8. The t a b l e  p r e s e n t e d  on F i g u r e  8 shows t h e  c a t h o d e  d i s c h a r g e  
r e g i o n  d i a m e t e r s  c o n s i d e r e d  i n  t h i s  s t u d y ,  t o g e t h e r  w i t h  t he  c o r r e s p o n d -  
i n g  b a f f l e  d i a m e t e r s  and b a f f l e  a p e r t u r e  areas.  The l e n g t h  o f  t h e  d i s -  
c k s r g e  region w a s  variable i n  the r ange  of 1 . 5  to 5 . 3  c m  a t  e a c h  dianicxtcr 
The b a f f l e  d i a m e t e r s  used i n  t h i s  s t u d y  were p i c k e d  s o  t h e  r a t i o  of  
a p e r t u r e  area t o  b a f f l e  area was c o n s t a n t  w i t h  d i s c h a r g e  d i a m e t e r  v a r i a -  
t i o n s ,  T h i s  c r i t e r i o n  was u s e d  b e c a u s e  p r e l i m i n a r y  tes ts  showed a re- 
d u c t i o n  i n  b a f f l e  a p e r t u r e  area i n  t h i s  r a t i o  r e s u l t e d  i n  s i m i l a r  a r c  
v o l t a g e  c o n d i t i o n s  a t  g i v e n  main and c a t h o d e  f l o w  ra tes .  I t  s h o u l d  b e  
n o t e d  t h a t  t h e  u s e  of  t h i s  c r i t e r i o n  l e d  t o  a b o u t  a 5 t o  1 v a r i a t i o n  i n  
b a f f l e  a p e r t u r e  a r e a  f o r  t h e  r a n g e  of d i s c h a r g e  d i a m e t e r s  c o n s i d e r e d .  
The u n n e c e s s a r y  losses a s s o c i a t e d  w i t h  t h e  b a f f l e  s u p p o r t s  w a s  r e c o g n i z e d ,  
b u t  t h e  s u p p o r t s  were r e t a i n e d  t o  p e r m i t  compar ison  of d a t a  o b t a i n e d  
t h r o u g h o u t  t h e  t es t  p e r i o d .  Per formance  r e s u l t s  o b t a i n e d  w i t h  t h e  
1 3  
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e x t r e m e s  u f  t’lie i-atliode d i s c h a r g e  volumes c o n s i d e r e d  are p r e s e n t e d  i n  
F i g u r e  9 f o r  t h e  5 i g h  and t h r o t t l e d  f low c o n d i t i o n s .  I n  b o t h  cases t h e  
smaller c a t h o d e  d i s c h a r g e  volume r e s u l t s  i n  a d e g r a d a t i o n  i n  p e r f o r m -  
a n c e ,  b u t  t h e  more s u b s t a n t i a l  i n c r e a s e  in l o s s e s  i s  e x h i b i t e d  u n d e r  
t h r o t t l e d  f low c o n d i t i o n s .  
I f  one se lec ts  u t i l i z a t i o n s  of  85% a t  h i g h  f low and 70% a t  t h r o t t l e d  
f low and p i c k s  o f f  t h e  d i s c h a r g e  power from t h e s e  and s i m i l a r  c u r v e s  f o r  
t h e  r a n g e  of  g e o m e t r i e s  s t u d i e d ,  t h e  r e s u l t s  o f  F i g u r e  10 are o b t a i n e d .  
‘These c u r v e s  show t h e  f o l l o w i n g :  
1 )  Reduct ions  i n  d i a m e t e r  o f  t h e  d i s c h a r g e  r e g i o n  and c o r r e s -  
ponding r e d u c r i o n  of  t h e  b a f f l e  a p e r t u r e  area a t  a f i x e d  
,. .ain-cathode Elow s p l i t  r e s u l t  in a n  i n c r e a s e  i n  arc d i s -  
c h a r g e  losses .  T h i s  increase  i s  much more s u b s t a n t i a l  f o r  
t h e  case of t h r o t t l e d  f low.  
2 )  Reduct ions  in ca thode  d i s c h a r g e  r e g i o n  l e n g t h  produce a 
d e c r e a s e  i n  a r c  d i s c h a r g e  l o s s e s  fo l lowed by a n  i n c r e a s e .  
T h i s  r e s u l t  t e n d s  t o  s u p p o r t  a s imi l a r  o b s e r v a t i o n  re- 
p o r t e d  by Pawlik and F i t z g e r a l d  a t  JPL . 6 
An i n t e r p r e t a t i o n  of  Langmuir probe  d a t a  o b t a i n e d  d u r i n g  t h e s e  t e b L Q  
is p r e s e n t e d  i n  Appendix C .  These d a t a  show i o n  r e c o m b i n a t i o n  l o s s e s  on 
t h e  c a t n o d e  d i s c h a r g e  c o n f i n i n g  wal l s  are reduced  bv r e d u c t i o n s  i n  b o t h  
d i a m e t e r  and l e n g t h  o f  t h e  ca thode  d i s c h a r g e  r e g i o n .  This s u g g e s t s  t h e  
observed  performance d e g r a d a t i o n s  r e s u l t  from c o n d i t i o n s  i n  t h e  main d i s r  h ; ~ r i ~ ~  
b r o u g h t  on by changes i n  t h e  c a t h o d e  d i s c h a r g e .  
I t  w a s  concluded from t h e s e  t e s t s  t h a t  some improvement i n  perform- 
3nce c o u l d  be achieved  w i t h  t h e  t h r u s t e r  o p e r a t i n g  a t  a f i x e d  f l o w  
d i s t r i b u t i o n  between t h e  main and c a t h o d e  v a p o r i z e r s  i f  t h e  c a t h o d e  
ietqioil Length were c u t  i n  h a l f .  F u r t h e r  r e d u c t i o n s  i n  c a t h o d e  r e g i o n  
l e n g t h  and any r e d u c t i o n  in i t s  d i a m e t e r  r e s u l t  i n  a performance degra-  
d a t i o n .  The e f f e c t  of t h e s e  d i m e n s i o n a l  changes i s  most s i g n i f i c a n t  a t  
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Dur ing  t h e  tes ts  mentioned i n  t h e  p r e v i o u s  s e c t i o n , o p e r a t i o n  w i t h  
s h o r t  o r  small  d i a m e t e r  ca thode  d i s c h a r g e  r e g i o n s  was found t o  r e s u l t  
i n  h i g h  a r c  c u r r e n t s ,  p a r t i c u l a r l y  a t  t h e  t h r o t t l e d  t o t a l  f l ow c o n d i t i o n .  
When a smaller f r a c t i o n  of t h e  t o t a l  f l ow w a s  p a s s e d  th rough  t h e  ho l low 
c a t h o d e ,  t h r u s t e r  per formance  d i d  improve as shown i n  F i g u r e  11 ( f u l l  
s i z e d  c a t h o d e  d i s c h a r g e  r e g i o n  as i n d i c a t e d  by s k e t c h ) .  A t t empt s  t o  
r educe  t h e  ca thode  f low below t h e  165 m a  c o n d i t i o n  shown were t h w a r t e d  
by t h e  o c c u r r e n c e  of low f r equency  o s c i l l a t i o n s  ( p e r i o d  of t h e  o r d e r  o f  
a few s e c o n d s )  obse rved  on a r c  and h igh  v o l t a g e  i n s t r u m e n t a t i o n  which 
e v e n t u a l l y  r e s u l t e d  i n  a r c  e x t i n c t i o n .  F i g u r e  1 2  shows t h e  e f f e c t  o f  
r e d u c i n g  ca thode  f l o w  ra te  (wh i l e  h o l d i n g  t o t a l  f l ow i n t o  t h e  t h r u s t e r  
c o n s t a n t )  on t h e  a r c  c u r r e n t - v o l t a g e  c u r v e .  S imul t aneous  c o n s i d e r a t i o n  
of F i g u r e s  11 and 1 2  s u g g e s t s  c a t h o d e  f low r e d u c t i o n s  r e s u l t  i n  i n c r e a s e d  
p r o p e l l a n t  u t i l i z a t i o n  and reduced  a r c  c u r r e n t  a t  a f i x e d  a r c  v o l t a g e .  
One might conc lude  from t h i s  t h a t  r e d u c t i o n s  i n  c a t h o d e  f low e f f e c t  p e r -  
formance g a i n s  by i n c r e a s i n g  t h e  e f f e c t i v e n e s s  of i o n i z i n g  e l e c t r o n s .  
T h i s  c o n c l u s i o n  i s  c o n t r a d i c t e d  however by a measured d e c r e a s e  i n  p r i m a r y  
e l e c t r o n  ene rgy  w i t h  c a t h o d e  f low ra te  which would s u g g e s t  l ower  i o n i z a -  
t i o n  c r o s s  s e c t i o n s .  
When t h e  ca thode  d i s c h a r g e  r e g i o n  d imens ions  are reduced  t o  3 .5  cm 
d i a .  x 2 . 6 7  cm l o n g ,  much lower  ca thode  f low rates can  b e  s u s t a i n e d  a5 
shown i n  F i g u r e  1 3  where d a t a  o b t a i n e d  w i t h  c a t h o d e  f low rates as low a s  
40 ma are  p r e s e n t e d .  It i s  a p p a r e n t  f rom compar ison  o f  t h e  100 m a  
c a t h o d e  f low case w i t h  t h e  s t a n d a r d  p o l e  p i e c e  c a s e  (165 ma  f low r e p r o -  
duced from F i g u r e  11) i n  F i g u r e  13 t h a t  l ower  c a t h o d e  f lows  are r e q u i r e d  
t o  a c h i e v e  t h e  same per formance  c o n d i t i o n s  w i t h  t h e  smaller c a t h o d e  d j s -  
c h a r g e  volume. I t  i s  a l s o  a p p a r e n t  t h a t  per formance  i s  b e s t  a t  a c a t h o d e  
f low ra te  n e a r  80 m a .  
During t h e  a c q u i s i t i o n  of t h e  d a t a  o f  F i g u r e  1 3 ,  a sudden t r a n s i t i o n  
w a s  obse rved  when t h e  ho l low ca thode  f low rate was between 100 ma and 
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2 1  
F I G:l F ! E  1 3  
c o n s i d e r a b l e  a r c  n o i s e .  I t  can  be  s e e n  from F i g u r e  1 3  t h a t  optimum 
per formance  i s  ach ieved  on t h e  low f low s i d e  of t h e  o n s e t  of  t h i s  
t r a n s i t i o n ,  and t h a t  t h e  per formance  improvement i s  v e r y  s u b s t a n t i a l  -- 
(- 15% u t i l i z a t i o n ) .  
ment c u r r e n t  a t  t h e  t r a n s i t i o n  ca thode  f low r a t e ,  o p e r a t i o n  on e i t h e r  
s i d e  of t h i s  f low i s  c h a r a c t e r i z e d  by  normal  impingement and s r a b i l i t v .  
Some i n s i g h t  i n t o  t h e  n a t u r e  of t h e  t r a n s i t i o n  can  b e  ga ined  by  con- 
s i d e r i n g  t h e  c o r r e s p o n d i n g  arc c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  p r e s e n t e d  
as F i g u r e  1 4 .  The n e a r l y  h o r i z o n t a l  cu rves  c o r r e s p o n d i n g  t o  80 ma and 
lower  ca thode  f low ra tes  s u g g e s t  t h e  t r a n s i t i o n  i n v o l v e s  a s h i f t  i n t o  an 
a r c  c u r r e n t  l i m i t e d  mode of o p e r a t i o n .  A s  ca thode  f low rate i s  reduced  
below 80 m a ,  F i g u r e  1 4  $shows t h e  c h a r a c t e r i s t i c  remains  h o r i z o n t a l  and 
rises t o  p r o g r e s s i v e l y  h i g h e r  c u r r e n t s .  The n a t u r e  o f  t h e  t r a n s i t i o n  
w i l l  b e  d i s c u s s e d  f u r t h e r  i n  a s e c t i o n  o f  t h i s  r e p o r t  which f o l l o w s .  
Even though t h e r e  i s  arc n o i s e  and a h i g h  impinge- 
The e f f e c t  of low ca thode  f lows  and a small c a t h o d e  d i s c h a r g e  r e g i o n  
on per formance  a t  t h e  h i g h  t o t a l  f low c o n d i t i o n  i s  p r e s e n t e d  i n  F i g u r e  1 5 .  
The s t a n d a r d  f low cu rve  (shown d o t t e d )  i s  reproduced  from F i g u r e  9 a n d  
co r re sponds  t o  a 96 m a  ca thode  f low i n t o  t h e  5 . 3  cm x 6.35 cm d i a .  ca t tLode  
d i s c h a r g e  r e g i o n .  I t  i s  a l s o  a p p a r e n t  from t h i s  f i g u r e  t h a t  lesser  
ca thode  f low ra tes  are r e q u i r e d  w i t h  t h e  smaller d i s c h a r g e  volume t o  
a c h i e v e  abou t  t h e  same performance c o n d i t i o n s .  Although a s l i g h t  improve- 
ment i n  per formance  i s  observed  w i t h  f low and ca thode  d imens ion  r e d u c t i m s  
f o r  t h i s  h i g h  f low c a s e ,  i t  i s  n o t  n e a r l y  as g r e a t  as t h a t  obse rved  i n  thr 
t h r o t t l e d  t o t a l  f low c a s e .  I n  p roceed ing  t o  p r o g r e s s i v e l y  lower ca thode  
f low rates no  sudden t r a n s i t i o n  i n  o p e r a t i n g  mode was o b s e r v e d ,  T h i s  
o b s e r v a t i o n  i s  c o n s i s t e n t  w i t h  t h e  a r c  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  
shown i n  F i g u r e  1 6  which e x h i b i t  a g r a d u a l  tendency  t o  a c u r r e n t  l i m i t e d  
c h a r a c t e r i s t i c  cu rve  r a t h e r  t h a n  t h e  sudden jump obse rved  a t  t h e  t h r o t t l e ?  
t o t a l  f low o p e r a t i n g  c o n d i t i o n .  
I f  one s e l e c t s  a p r o p e l l a n t  u t i l i z a t i o n  e f f i c i e n c y ,  t h e  ca thode  f l o w  
ra te  can b e  a d j u s t e d  t o  produce a d e s i r e d  arc  v o l t a g e  a t  t h a t  u t i l i z a t i o n ,  
and t h e  d i s c h a r g e  power and ca thode  f low ra te  are t h e r e b y  u n i q u e l y  d e t e r -  
mined. The d i s c h a r g e  power ach ieved  under  t h i s  c o n d i t i o n  a t  a g iven  
ca thode  d i s c h a r g e  s i z e  can  t h e n  be  compared mean ingfu l ly  t o  o t h e r  s i z e s .  
il t c t a l  = 4G4 ma. 
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T h i s  p r o c e d u r e  w a s  f o l l o w e d  and t h e  r e s u l t s  p r e s e n t e d  i n  F i g u r e  1 7  w i i i ~ .  
o b t a i n e d  a f t e r  c r o s s - p l o t t i n g  f o r  t h e  h i g h  t o t a l  f low c o n d i t i o n .  The 
c a t h o d e  f l o w  ra tes  r e q u i r e d  t o  a s s u r e  a 37 v a rc  v o l t a g e  a t  85% u t i l i / * -  
t i o n  are p r e s e n t e d  i n  t h e  lower  graph  f o r  t h e  two c a t h o d e  d i s c h a r g e  
d i a m e t e r s  c o n s i d e r e d .  The d i s c h a r g e  power r e q u i r e d  a t  t h e s e  f low ra tes  
and a t  85% u t i l i z a t i o n  are  p r e s e n t e d  on t h e  upper  g r a p h .  These c u r v e s  
show t h a t  a t  t h e  h i g h  t o t a l  f l o w  c o n d i t i o n :  1) lower  c a t h o d e  f low r a t e s  
are r e q u i r e d  w i t h  t h e  smaller c a t h o d e  d i s c h a r g e  r e g i o n s ,  2 )  performance 
i s  n o t  a f f e c t e d  s i g n i f i c a n t l y  b v  t h e  r e d u c t i o n  i n  c a t h o d e  d i s c h a r g e  
d i a m e t e r  used  and 3 )  performance  i s  e i t h e r  unchanged o r  p o s s i b l y  improvt?  
s l i g h t l y  by  r e d u c i n g  c a t h o d e  d i s c h a r g e  l e n g t h  from 5 c m  t o  - 2  c m  and is 
degraded  by f u r t h e r  l e n g t h  r e d u c t i o n s .  
S i m i l a r  c u r v e s  o b t a i n e d  under  t h e  t h r o t t l e d  t o t a l  f l o w  c o n d i t i o n s  ari  
p r e s e n t e d  i n  F i g u r e  15 f o r  t h e  c o n d i t i o n  o f  37 v a rc  v o l t a g e  a t  80% 
u t i l i z a t i o n .  I n  t h i s  case v e r y  s u b s t a n t i a l  r e d u c t i o n s  i n  d i s c h a r g e  l o s s e s  
are a c h i e v e d  when e i t h e r  t h e  l e n g t h  o r  d i a m e t e r  o f  t h e  c a t h o d e  d i s c h a r g e  
are r e d u c e d .  The e f f e c t  of r e d u c t i o n s  i n  d i s c h a r g e  s i z e  on d i s c h a r g e  
l o s s e s  i s  examined i n  terms of measured plasma p r o p e r t i e s  i n  Appendix C. 
Comparison of  t h e  c a t h o d e  f l o w  c u r v e s  o f  F i g u r e s  1 7  and 18  shows one 
c o u l d  se lec t  a c a t h o d e  d i s c h a r g e  s i z e  ( - 3 . 5  cm d i a .  x 4 c m  l o n g )  which 
would r e s u l t  i n  t h e  same ca thode  f l o w  ra te  a t  b o t h  t h e  h i g h  and t h r o t t l e d  
t o t a l  f low c o n d i t i o n s .  T h i s  s u g g e s t s  a new mode of t h r u s t e r  c o n t r o l  
/ 
which may h e l p  r e d u c e  i n s t a b i l i t i e s  observed  i n  some c o n t r o l  sys tems . 
I n  t h i s  scheme c a t h o d e  flow ra te  would b e  h e l d  c o n s t a n t  and main f l o w  
would b e  a d j u s t e d  as n e c e s s a r y  t o  a c h i e v e  t h e  d e s i r e d  beam c u r r e n t .  F Y ~ -  
l i m i n a r y  t es t s  performed u s i n g  manual c o n t r o l  on t h e s e  v a r i a b l e s  confirif i  
t h e  a c c e p t a b i l i t y  of  t h i s  mode of t h r u s t e r  c o n t r o l  
F i g u r e s  19  and 20 p r e s e n t  t h e  c a t h o d e  r e g i o n  plasma p r o p e r t i e s  
c o r r e s p o n d i n g  t o  t h e  h i g h  f low ( F i g u r e  1 7 )  and t h r o t t l e d  f low ( F i g u r e  1 3 )  
r e s p e c t i v e l y .  These d a t a  show i n  g e n e r a l  lower  e l e c t r o n  d e n s i t i e s ,  plasma 
p o t e n t i a l s  and e l e c t r o n  t e m p e r a t u r e s  f o r  t h e  l a r g e r  d i a m e t e r  d i s c h a r g e ,  
b u t  t h e  sca t te r  i n  t h e s e  d a t a  and t h e  small sample of d a t a  makes a d d i -  
t i o n a l  i n t e r p r e t a t i o n  i n a d v i s a b l e .  
From t h e  p r e c e d i n g  d i s c u s s i o n  i t  i s  a p p a r e n t  t h a t  t h r o t t l e d  t h r u s t e r  
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c h a r g e  and a c o r r e s p o n d i n g  r e d u c t i o n  i n  c a t h o d e  f low r a t e .  
p r o f i l e  i s  however deg raded  when t h e  s l e e v e  i s  i n s e r t e d  t o  r e d u c e  t h ?  
d i s c h a r g e  d i a m e t e r  as i l l u s t r a t e d  i n  F i g u r e  2 1 .  The e x t e n t  o f  t h e  d e g r a -  
d a t i o n  i s  b e s t  i n d i c a t e d  by  t h e  change i n  t h e  f l a t n e s s  
a s s i g n e d  t o  each  c u r v e  and d e f i n e d  i n  Appendix B .  
t h e  i o n  beam p r o f i l e  obse rved  when t h e  sleeve i s  employed t o  r e d u c e  t h e  
c a t h o d e  d i s c h a r g e  d i a m e t e r  i s  c o n s i d e r e d  t o  b e  due t o  t h e  r e s u l t a n t  
s e p a r a t i o n  be tween t h e  b a f f l e  a p e r t u r e  and t h e  c a t h o d e  p o l e  p i e c e .  Thi. 
s e p a r a t i o n  c a u s e s  t h e  p r imary  e l e c t r o n s  t o  b e  i n t r o d u c e d  i n t o  t h e  main 
d i s c h a r g e  away from t h e  c r i t i c a l  f i e l d  l i n e  t h e r e b y  d e p r i v i n g  plasma n e a r  
t h e  o u t e r  r a d i u s  o f  t h e  main d i s c h a r g e  of t h e s e  e l e c t r o n s .  
The i o n  beam 
p a r a m e t e r  ( E >  
The g r e a t e r  p e a k i n g  o f  
Two approaches  were c o n s i d e r e d  i n  a t t e m p t i n g  t o  c o r r e c t  t h i s  proble . ,  . 
They were: 1) t h e  use  of a magne t i c  f i e l d  w i t h i n  t h e  c a t h o d e  p o l e  p i e c e  
o p p o s i n g  the main magne t i c  f i e l d ,  and 2)  the u s e  of a 3 . 5  c m  d i a .  p o l e  
p i e c e  i n  p l a c e  of t h e  s t a n d a r d  one (6.35 c m  d i a . ) .  The magne t i c  f i e l d  
was a p p l i e d  w i t h i n  t h e  c a t h o d e  p o l e  p i e c e  (Approach 1 )  b y  a f i e l d  c o i l  
i n s t a l l e d  i n  t h e  manner s u g g e s t e d  by t h e  i n s e r t  on F i g u r e  2 2 .  F i g u r e  3’2 
shows t h e  e f f e c t  of a c a t h o d e  r e g i o n  magne t i c  f i e l d  oppos ing  t h e  main 
magne t i c  f i e l d  i s  t o  f l a t t e n  t h e  i o n  beam p r o f i l e  as d e s i r e d .  I t  should 
b e  n o t e d  by compar ison  of F i g u r e s  2 1  and 22 t h a t  t h e  c a t h o d e  magne t i c  
f i e l d  does  n o t  produce  a f l a t t e r  p r o f i l e  t h a n  t h e  one a c h i e v e d  w i t h  t h e  
f u l l  s i z e d  p o l e  p i e c e  (6.35 cm). Per formance  c u r v e s  showed l o w e r  d i s -  
c h a r g e  losses a t  low utilizations and h igher  d ischarge  losses above ~ 807- 
u t i l i z a t i o n  when t h e  c a t h o d e  f i e l d  c o i l  was o p e r a t i n g .  Because of t t lese  
e f f e c t s  t h e  t e s t i n g  w a s  n o t  pursued  and d a t a  were n o t  c o l l e c t e d  w i t h  t h e  
c a t h o d e  magne t i c  f i e l d  a t  t h e  h i g h  f low rate  c o n d i t i o n .  
When t h e  3 . 5  c m  d i a .  p o l e  p i e c e  w a s  s u b s t i t u t e d  f o r  t h e  3 . 5  cm dia, 
s l e e v e  w i t h i n  t h e  6 . 3 5  cm d i a .  p o l e  p i e c e ,  t h e  beam p r o f i l e  w a s  a l s o  
f l a t t e n e d  as shown i n  F i g u r e  23 f o r  t h e  t h r o t t l e d  f low c a s e .  The p r o f i l e  
i s  s t i l l  n o t  as f l a t  as t h e  one o b t a i n e d  w i t h  t h e  l a r g e r  p o l e  p i e c e .  
A d d i t i o n a l  t e s t i n g  i s  r e q u i r e d  a t  v a r i o u s  magnet c u r r e n t s  t o  see i f  t h e  
i o n  beam p r o f i l e  o b t a i n e d  w i t h  t h e  s m a l l  p o l e  p i e c e  can  b e  improved .  
The e f f e c t  of s u b s t i t u t i o n  of t h e  3 .5  c m  d i a .  p o l e  p i e c e  f o r  the 
s l e e v e  on t h r u s t e r  per formance  a r c  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  i s  
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p r e s e n t e d  i n  F i g u r e s  2 4  and 25. 
per formance  when t h e  p o l e  p i e c e  i s  used r a t h e r  t h a n  t h e  s l e e v e  and t h a t  
t h e  t r a n s i t i o n  between t h e  l i m i t e d  and v a r i a b l e  a r c  c u r r e n t  modes of 
o p e r a t i o n  is  a c h i e v e d  w i t h  s l i g h t l y  lower  c a t h o d e  f lows  w i t h  t h e  3.5 crn 
d i a .  p o l e  p i e c e .  F i g u r e  25 shows e s s e n t i a l l y  t h e  same t y p e s  of a r c  
c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  are  a c h i e v e d  w i t h  e i t h e r  t h e  3 .5  cm d i a .  
p o l e  p i e c e  or  s l e e v e  i n  e a c h  o p e r a t i n g  mode. 
F i g u r e  2 4  shows s l i g h t l y  b e t t e r  t h r u s t e r  
Throughout t h e  a fo remen t ioned  tests t h e  c a t h o d e  t i p  t e m p e r a t u r e  was 
mon i to red  w i t h  a thermocouple .  F i g u r e s  26 and 2 7  show t h i s  t e m p e r a t u r e  
d a t a  as a f u n c t i o n  of (arc  cu r ren t - -keepe r  c u r r e n t  is  f i x e d  a t  0 . 5  a--for 
t h e  3.5 c m  and 6 .35  cm d i a .  d i s c h a r g e  r e g i o n  r e s p e c t i v e l y .  F i g u r e  26 
shows c a t h o d e  t i p  t e m p e r a t u r e s  r ise  as c a t h o d e  f low i s  r educed  u n t i l  the 
p r e v i o u s l y  ment ioned  a r c  c u r r e n t  t r a n s i t i o n  o c c u r s .  A t  t h i s  p o i n t  t h e  
c a t h o d e  t e m p e r a t u r e  c u r v e  d r o p s  markedly ,  and t h e n  b e g i n s  t o  r i s e  w i t h  
f u r t h e r  r e d u c t i o n s  i n  c a t h o d e  f l o w .  The a d d i t i o n a l  s t r i k i n g  f e a t u r e  of 
t h e  c u r v e s  of F i g u r e  2 6  i s  t h e  f a c t  t h a t  t h e  a r c  c u r r e n t  (and hence  
t e m p e r a t u r e )  changes  o v e r  t h e  a r c  v o l t a g e  r ange  30-55 v ,  are reduced  
g r e a t l y  when t h e  t r a n s i t i o n  o c c u r s  (compar ison  of t h e  t e m p e r a t u r e  and 
c u r r e n t  v a r i a t i o n s  a t  t h e  "hC = 8 3  ma c u r v e  w i t h  t h o s e  a t  l o w e r  c a t h o d e  
f l o w s ) .  Presuming lower  ca thode  t e m p e r a t u r e s  imply  l o n g e r  c a t h o d e  l i f e ,  
o p e r a t i o n  a t  t h e  o n s e t  of l i m i t e d  a r c  c u r r e n t  mode o f  o p e r a t i o n  would 
y i e l d  t h e  l o n g e s t  ca thode  l i f e t i m e .  F i g u r e  ? 7  shows r e d u c t i o n s  i n  cathode 
f l o w  resul t  i n  i n c r e a s e s  i n  c a t h o d e  t i p  t empera tu re  a t  bo th  the  high A n d  
t h r o t t l e d  t o t a l  f low c o n d i t i o n s .  
One can  conc lude  from t h e s e  t es t s  t h a t  r e d u c i n g  t h e  c a t h o d e  d i s c i i a r g -  
d i a m e t e r  and l e n g t h  e n a b l e s  one t o  o p e r a t e  a t h r o t t l e d  t h r u s t e r  at a s1:f- 
f i c i e n t l y  low c a t h o d e  f low rate  t o  a c h i e v e  a n  a r c  c u r r e n t  l i m i t e d  mode 
of o p e r a t i o n .  I n  t h i s  mode p r o p e l l a n t  u t i l i z a t i o n  i s  i n c r e a s e d  s i g n i f i -  
c a n t l y  (- 1 5 % )  and c a t h o d e  t i p  t e m p e r a t u r e s  are h e l d  a t  l o w  v a l u e s  
(- 1050°C). The i o n  beam p r o f i l e  becomes more peaked  when t h e  p o l e  p i e c e  
d i a m e t e r  i s  reduced  and magnet c u r r e n t  i s  n o t  a d j u s t e d .  A d d i t i o n a l  t e s t -  
i n g  i s  r e q u i r e d  t o  d e t e r m i n e  if changes  i n  magnet c u r r e n t  can  be  used  t o  







T h r o t t l e d  F l o w  
n I mto ta1=464  ma 
I 3 . 5  cm d i a  P o l e  P i e c e  
I I n s i d e  6 . 3 5  cm 
I P o l e  P i e c e  
I 
I 
0 3 . 5  cm d i a  S l e e v e  - - - - -  
B o t h  C a s e s  - 2 . 5  cm L o n g  
C a t h o d e  R e g i o n  
1 :  
j 
d l  
I 
' ~ ~ n 1 1 c = Y 9  m a  V a r i a b l e  Arc I.' Cur ren t  M c d e  
m h c = 9 6  ma I _ _  I 
i 
EFFECT OF POLE PIECE-SLEEVE SLb5TIJl'Tld.N 
0 N F. t- RF C! kM A N :- 
T h r o t t l e d  F 1  ow 
m t o t a l = 4 6 4  ma 
3 . 5  cm d i a  P o ; e  P 8 
/ - - - _ -  3 . 5  cm d i a  Sl : t .v r ,  
I n s i d e  6 . 3 5  cni 
P o l e  P i e c e  
/ 
/ 
= 9 3  ma---- 
Both  C a s e s  - 2 . 5  cm L o v g  







- V a r i a b l e  Arc C u r r e : , t  
= 7 0  m a  =bC ma /-- "k.c 
,/ m b c  / 
V 





























The r e d u c t i o n s  i n  c a t h o d e  d i s c h a r g e  d imens ions  and a t t e n d a n t  r e d u c t  i o 1  . 
i n  c a t h o d e  f l o w  r a t e  e f f e c t  o n l y  s l i g h t  improvements i n  t h r u s t e r  ope r7 -  
t i o n  a t  h i g h e r  t o t a l  f l o w  rates.  
The Natu.re of  t h e  A r c  C u r r e n t  T r a n s i t i o n  
When t h e  t h r u s t e r  is o p e r a t e d  w i t h  t h e  3.5 c m  d i a .  c a t h o d e  discharge 
a t  t h e  t h r o t t l e d  t o t a l  f l o w  c o n d i t i o n ,  a sudden t r a n s i t i o n  i n  t h e  mod$. e: 
t h r u s t e r  o p e r a t i o n  i s  observed  as  c a t h o d e  f low r a t e  i s  d e c r e a s e d  thro,jyli 
t h e  80 m a  e q u i v a l e n t  f l o w  c o n d i t i o n .  The t r a n s i t i o n  i s  c h a r a c t e r i z e d  5. 
a sudden  d e c r e a s e  i n  a r c  c g r r e n t ,  a temporary  i n c r e a s e  i n  impingement 
and t empora ry  k e e p e r ,  a r c  and impingement c u r r e n t  o s c i l l a t i o n s .  A t  f :  ~ - 1  
rates on e i t h e r  s i d e  of t h i s  t r a n s i t i o n  f l o w , t h r u s t e r  o p e r a t i o n  i s  s t a b l s .  
Because  a n  optimum i n  t h r u s t e r  per formance  o c c u r s  on t h e  low f l o w  s i d e  c f  
t h i s  t r a n s i t i o n ,  t h e  mechanism of t h e  t r a n s i t i o n  i s  of  i n t e r e s t .  The 
f o l l o w i n g  d i s c u s s i o n  i s  in t ended  t o  shed some l i g h t  on t h i s  mechanism. 
A s  p o i n t e d  o u t  i n  t h e  c o u r s e  of t h e  d i s c u s s i o n  of F i g u r e s  13 and I:&, 
t h e  a r c  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  changes  from one i n  which a r c  
c u r r e n t  var ies  s i g n i f i c a n t l y  w i t h  a r c  v o l t a g e  ( v a r i a b l e  a rc  c u r r e n t  m ~ d t . i  
t o  one i n  which a r c  c u r r e n t  i s  e s s e n t i a l l y  unchanged by v a r i a t i o n s  i n  ar, 
v o l t a g e  ( l i m i t e d  arc  c u r r e n t  mode) a s  c a t h o d e  f low r a t e  i s  reduced  t o  
e f f e c t  t h e  t r a n s i t i o n .  With f u r t h e r  r e d u c t i o n s  i n  c a t h o d e  f l o w  the 71-c 
c u r r e n t  v a r i a t i o n  i s  s t i l l  l i m i t e d  b u t  t h e  a r c  c u r r e n t  i s  s u s t a i n e d  'it 
p r o g r e s s i v e l y  h i g h e r  levels (see F i g u r e  1 4 ) .  
The a r c  c u r r e n t  i s  p robab ly  l i m i t e d  a t  low c a t h o d e  f l o w s  b y  phenmt 
ena  a s s o c i a t e d  w i t h  1) t h e  c a t h o d e ,  2) t h e  b a f f l e  a p e r t u r e  o r  3 )  t h e  
anode .  The f a c t  t h a t  t h e  t r a n s i t i o n  i s  b rough t  on by r e d u c t i o n s  ir 
c a t h o d e  f l o w  i n d i c a t e s  however t h a t  t h i s  i s  n o t  a n  anode  phenomt~non. 
I n  o r d e r  t o  d e t e r m i n e  whether  t h e  c a t h o d e  o r  t h e  b a f f l e  a p e r t u r e  i s  I J T ~ I  - 
i n g  t h e  c u r r e n t ,  t h e  keeper  c u r r e n t  was v a r i e d  from t h e  0 . 5  amp s t a n j . , i : ~  
o p e r a t i n g  v a l u e .  These  d a t a  a re  p r e s e n t e d  i n  F i g u r e  28 f o r  t h r e e  cathotit.  
f l o w  ra tes ,  one s i g n i f i c a n t l y  below t h e  t r a n s i t i o n  f l o w  r a t e  ( 3 6  ma),  o ' , ~  
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t r a n s i t i o n  f low rate  ( 1 2 7  ma). For  t h e  36 ma and 1 2 7  m a  ca thode  f l o w  
cases t h e  arc  c u r r e n t s  are q u i t e  h i g h  and t h e  impingement c u r r e n t  and 
k e e p e r  v o l t a g e  show r e g u l a r  v a r i a t i o n s  w i t h  k e e p e r  c u r r e n t .  A t  t h e  
i n t e r m e d i a t e  ca thode  f low ra te  (80 ma), t h e  a r c  c u r r e n t  i s  much lower  
t h a n  t h e  o t h e r  cases and t h e  k e e p e r  v o l t a g e ,  a r c  c u r r e n t  and impingement 
c u r r e n t  a l l  e x h i b i t  anomalous b e h a v i o r  o v e r  t h e  r ange  of  k e e p e r  c u r r e n t s  
examined.  A t  t h e  low and i n t e r m e d i a t e  ca thode  f l o w s ,  o s c i l l a t i o n s  were 
obse rved  a t  k e e p e r  c u r r e n t s  g r e a t e r  t han  abou t  1 . 5  a ,  and f o r  t h e  1ov  
f low case t h e y  were s o  s e v e r e  t h a t  t h e  a rc  and k e e p e r  d i s c h a r g e s  c o u ~ d  
n o t  b e  s u s t a i n e d .  Although t h e  a r c  c u r r e n t  t r a n s i t i o n  i s  n o t  as dram 
as t h a t  obse rved  when t h e  ca thode  f low rate  w a s  reduced  t o  e f f e c t  t h r  
t r a n s i t i o n  t h e s e  tests demons t r a t ed  t h e  t r a n s i t i o n  cou ld  be  e f f e c t e d  
th rough  k e e p e r  c u r r e n t  v a r i a t i o n s  when t h e  c a t h o d e  f low ra te  w a s  n e p r  rt-c 
t r a n s i t i o n  v a l u e .  From t h e  i n t e r m e d i a t e  f low d a t a  o f  F i g u r e  28 t h e  k w p e L  
v o l t a g e  i s  s e e n  t o  r e a c h  a maximum of  abou t  11 v as t h e  t r a n s i t i o n  b e g i n s ,  
T h i s  i s  c o n s i d e r e d  s i g n i f i c a n t  because  t h e  v o l t a g e  i s  n e a r  t h e  i o n i z a t i o n  
p o t e n t i a l  o f  mercury ( 1 0 . 4  v ) .  
In  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t  t h e  k e e p e r  d i s c h a r g e  might  tie 
h a v i n g  on t h i s  t r a n s i t i o n ,  t h e  k e e p e r  d i s c h a r g e  w a s  o p e r a t e d  w i t h o u t  tl e 
arc  d i s c h a r g e .  I n  order .  t o  s u s t a i n  t h i s  d i s c h a r g e  o v e r  a r a n g e  of ca thode  
f low rates e s t i m a t e d  t o  be  2Cl t o  140 m a  from ca thode  v a p o r i z e r  t e m p e r a t u r e s  
a 2 a .  k e e p e r  c u r r e n t  w a s  m a i n t a i n e d .  A t  h i g h  ca thode  f lows  a 0 . 1  v 
o s c i l l a t i o n  (100 h e r t z )  w a s  obse rved  on an  8 .6  v k e e p e r  v o l t a g e  signa? 
f low w a s  reduced  t h e  n o i s e  level  w a s  unchanged and t h e  k e e p e r  v c l t n g e  r o ~ t  
u n t i l  i t  r eached  10 .4  v a t  abou t  60 m a  ca thode  f low.  A t  t h i s  p o i r l t  t 
mean k e e p e r  v o l t a g e  r o s e  r a p i d l y  t o  abou t  1 3  v and v o l t a g e  f l u c t m t i > n c  
o f  abou t  2 v ampl i tude  a t  20 h e r t z  were super imposed  on t h e  p r  77it’L35, 
o b s e r v e d “ n o i s e ” ( O . 1  v ,  100 h e r t z ) .  A d d i t i o n a l  tes ts  showed t h e  n c l r  
f r e q u e n c i e s  were i n f l u e n c e d  b y  t h e  k e e p e r  power s u p p l y  impedance b u t  t I 7  
magni tudes  and t r a n s i t i o n  p o i n t  were n o t .  
The p r e c e d i n g  d a t a  s u g g e s t  t h e  l i m i t e d  t o  v a r i a b l e  a r c  c u r r e n t  
t r a n s i t i o n  obse rved  d u r i n g  t h r u s t e r  o p e r a t i o n  i s  a ca thode-keeper  phellnn,- 
enon .  The i n c r e a s e  i n  k e e p e r  d i s c h a r g e  n o i s e  a t  t h e  mercurv i o n i z a t i o r  
p o t e n t i a l  must occu r  because  of t h e  ene rgy  s i n k  a v a i l a b l e  t o  e l e c t r o n s  
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f a l l i n g  t h r o u g h  p o t e n t i a l s  a t  and g r e a t e r  t h a n  t h e  i o n i z a t i o n  p o t e l l i ~ ~ * ' .  
It  h a s  been  s u g g e s t e d  t h e  o s c i l l a t i o n s  are a r e s u l t  o f  a t r a n s i e n t  
i o n i z a t i o n  p r o c e s s  i n  which  t h e  d i s c h a r g e  c o u p l e s  somehow t o  a c o u s t i c  
waves . a 
Data accumula t ed  from v a r i o u s  3.5 cm d i a .  c a t h o d e  s l e e v e  t e s t s  have 
been  a s sembled  i n  F i g u r e  29 t o  show t h e  e f f z c t  o f  c a t h o d e  f low r a t e  on 
k e e p e r  v o l t a g e  when t o t . a l  f l ow and a r c  v o l t a g e  are f i x e d .  A l l  o f  t h e s e  
d a t a  were o b t a i n e d  a t  t h e  s t a n d a r d  k e e p e r  c u r r e n t  i n d i c a t e d  (0 .5  a>. 
Although t h e y  show some s c a t t e r ,  t h e  q u a l i t a t i v e  b e h a v i o r  shown by  the 
c u r v e  w a s  obse rved  s e v e r a l  times d u r i n g  a t t e m p t s  t o  s t a b i l i z e  flow con- 
d i t i o n s ,  and i t  i s  c o n s i d e r e d  t o  b e  a c c u r a t e .  T h i s  f i g u r e  a g a i n  s u g f e L J t  
t h e  k e e p e r  v o l t a g e  may approach  t h e  i o n i z a t i o n  p o t e n t i a l  a t  t h e  t r a n s i -  
t i o n  f low ra te .  
Keeper v o l t a g e s  a t  t h e  h i g h e r  f low ra tes  and t h e  f low rates thern- 
9 , l O  
s e l v e s  are i n  t h e  r ange  where t h e  ca thode  o p e r a t e s  i n  t h e  s p o t  mode 
( i . e . ,  t h e  v a r i a b l e  a r c  c u r r e n t  mode c o r r e s p o n d s  t o  t h e  s p o t  mode o f  
c a t h o d e  o p e r a t i o n ) .  The l i m i t e d  a r c  c u r r e n t  mode however i s  n o t  s? 
e a s i l y  r e l a t e d  t o  e i t h e r  t h e  t r a n s i t i o n  o r  plume modes of c a t h o d e  o p e r i -  
t i o n .  The plume mode i s  f o r  example c h a r a c t e r i z e d  by  k e e p e r  v o l t a g e s  i i 7  
t h e  r ange  20 t o  50 v lO ,  
F i g u r e  29 .  I n  t h e  t r a n s i t i o n  mode, t h e  k e e p e r  v o l t a g e  i s  i n s e n s i t i v e  t o  
c a t h o d e  f low and t h e  k e e p e r  v o l t a g e  v s .  f l ow c u r v e  h a s  a n e g a t i v e  s l ~ ) p c  
w h i l e  t h e  l i m i t e d  a r c  c u r r e n t  mode of F i g u r e  29 v i o l a t e s  b o t h  of  these 
c r i t e r i a .  Refe rence  11 p o i n t s  o u t ,  however,  t h a t  i n  t h e  plume itiode 3 
l i m i t e d  v a r i a t i o n  of arc  c u r r e n t  w i t h  a r c  v o l t a g e  i s  o b s e r v e d .  
which i s  f a r  above t h e  k e e p e r  v o l t a g e s  i n  
F i g u r e s  30 and 31 show t h e  c a t h o d e  r e g i o n  e l e c t r o n  d e n s i t y  a n d  
t e m p e r a t u r e  o b t a i n e d  from Langmuir p robe  d a t a .  The numbers p: ('c,crlted 
by  each  d a t a  p o i n t  on t h e s e  c u r v e s  are t h e  ca thode  f low r a t e s  a t  whic'rI 
t h e  d a t a  were o b t a i n e d .  These f lows  r e p r e s e n t  r e s p e c t i v e l y  t h e  a p p r s x i -  
mate minimum c a t h o d e  f low a t  which t h e  v a r i a b l e  a r c  c u r r e n t  mode can  Lc 
s u s t a i n e d  ( d o t t e d  c u r v e ) ,  and t h e  approx ima te  maximum c a t h o d e  f low a t  
which t h e  l i m i t e d  a r c  c u r r e n t  mode can b e  s u s t a i n e d .  These d a t a  show 
t h e  c a t h o d e  f low needed t o  e f f e c t  t h e  t r a n s i t i o n  d e c r e a s e s  w i t h  i n c r e a  in' 





















Limited A r c  
C u r r 3 ;; t M r ,  de  
= 2 5 4  
m t o t a l  . 
' k e e p e r = C .  5 a 
"a r c  
3 . 5  cm d i a  C a t h o d e  D i s c h , j r o  
= 3 7  v 
I 
i 



















4, r i  - 
I 
f;' I r 
" t o t a l = 4 6 4  m: 
3 . 5  cm d i a  * ' - ' c  ' 7  
=0.5 d I k e e p z r  
45 
arc  v o l t a g e .  F u r t h e r ,  F i g u r e s  30 and 31 show e l e c t r o n  dens i t : ,  arid 
t e m p e r a t u r e  are g e n e r a l l y  h i g h e r  f o r  t h e  l i m i t e d  a r c  c u r r e n t  mode. I *  
one assumes a plasma i o n  p r o d u c t i o n  c o s t  o f  70 e v / i o n ,  t h e s e  d a t a  can 
b e  u s e d  t o  c a l c u l a t e  t h e  c a t h o d e  d i s c h a r g e  r e g i o n  i o n  l o s s e s  t o  t h e  
d i s c h a r g e  c o n f i n i n g  wal ls  (See Appendix C ) .  The r e s u l t a n t  d a t a  a r e  
p r e s e n t e d  as F i g u r e  32, and t h e y  show c a t h o d e  r e g i o n  i o n  l o s s e s  a r c  
g r e a t e r  i n  t h e  l i m i t e d  a r c  c u r r e n t  mode. 
The o b s e r v e d  per formance  improvements i n  t h e  l i m i t e d  a r c  cur ie1  r 
mode must b e  e x p l a i n e d  t h e n  in terms o f  t h e  main d i s c h a r g e .  Some i : > - l ; : t T t  
i n t o  t h e  mechanism by  which improvements are r e a l i z e d  can be  gained 3~. 
c o n s i d e r i n g  t h e  f o l l o w i n g :  
1 L  1. Kaufman's e q u a t i o n  f o r  n e u t r a l  d e n s i t y  (no) i n  a t h r u s t e r  
in terms of Maxwellian e l e c t r o n  t e m p e r a t u r e  (T,), p r i m a r v  
e l e c t r o n  e n e r g y  (< ) ,  t h e  pr imary  e l e c t r o n  volume t o  s u r -  
f a c e  area r a t i o  ( V  /A ) ,  t h e  i o n i z a t i o n  c r o s s  s e c t i o n  (C) 
and t h e  r a t i o  o f  pr imary  t o  Yaxwellian e l e c t r o n  d e n s i t i e s  
(n I n  1 .  
P 
P P  
P m  
2 .  The p r i m a r y  e l e c t r o n  e n e r g i e s  f o r  t h e  two modes p r e s e n t e d  
i n  F i g u r e  33 as a f u n c t i o n  of  a r c  v o l t a g e .  Thesc d a t a  
show pr imary  e l e c t r o n s  have  lower e n e r g i e s  i n  t h e   limit*^,^ 
arc c u r r e n t  mode a t  a g i v e n  arc v o l t a g e .  
3.  F i g u r e  1 3  which shows u t i l i z a t i o n  i s  h i g h e r  and hence 
n e u t r a l  f low rate  and n e u t r a l  d e n s i t y  are  lower  i n  t he  
l i m i t e d  a r c  c u r r e n t  mode a t  a g i v e n  a rc  v o l t a g e .  
4 .  The Maxwellian e l e c t r o n  t e m p e r a t u r e  (T m d  r a t i o  c;f 
m 
p r imary  t o  Maxwellian e l e c t r o n  d e n s i t i e s  (11 /n ) For t h t  
main d i s c h a r g e  p r e s e n t e d  i n  F i g u r e  3 4 ;  b o t h  a r e  lower i n  
t h e  l i m i t e d  a r c  c u r r e n t  mode. 
P m 
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t r a n s i t i o n ,  c o l l e c t i v e  c o n s i d e r a t i o n  o f  t h e s e  t e n d e n c i e s  and t l i + i ,  
magni tude i n d i c a t e s  t h e  observed  improvement i n  propi- l lar i t  u t i  i: 
can  o n l y  b e  e x p l a i n e d  b y  a n  i n c r e a s e  i n  t h e  p r i m a r y  e l e c t r o n  r e g i o , i  
volume t o  s u r f a c e  area r , i t i o  o c c u r r i n g  a t  t h e  t r a n s i t i o n .  
The p r i m a r y  e l e c t r o n  e n e r g i e s  p r e s e n t e d  i n  F i g u r e  33 were o b t  
by  t a k i n g  t h e  d i f f e r e n c e  between t h e  plasma p o t e n t i a l s  i n  t h e  main 
c a t h o d e  d i s c h a r g e  region:;  i n  t h e  v i c i n i t y  of  t h e  b a f f l e  a p e r t u r e .  
i s  of a d d i t i o n a l  i n t e r e s t  t o  n o t e  f rom t h i s  f i g u r e  t h a t  p r i m a r y  el6 
e n e r g y  i s  g e n e r a l l y  5 t o  15  ev below the a p p l i e d  a r c  v o l t a g e .  T i i i  
g e s t s  a h o l l o w  c a t h o d e  t h r u s t e r  s h o u l d  be  o p e r a t e d  a t  s e v e r a l  volt 
h i g h e r  a r c  v o l t a g e  t h a n  w a s  t h e  o x i d e  c a t % o d e  t h r u s t e r  a c h i e v i l i g  
p e r f o r m a n c e .  
HIGH VOLTAGE DISCHARGE STARTUP 
The f e a s i b i l i t y  o f  s t r i k i n g  a n  arc  from a h i g h  v o l t a g e  tickler 
e l e c t r o d e  t o  the h o l l o w  c a t h o d e  t o  heat t h e  c a t h o d e  and s t a r t  t h e  ksP1-t .  
d i s c h a r g e  h a s  been  i n v e s t i g a t e d .  F i g u r e  35 i s  a s c h e m a t i c  of t h e  sysl 
used i n  t h i s  s t u d y .  Tes ts  were conducted  w i t h  a c a t h o d e - k e e p e r - t i c k l c l -  
a s sembly  l o c a t e d  w i t h i n  a s i m u l a t e d  c a t h o d e  p o l e  p i e c e ,  b u t  w i t h  no 
a d d i t i o n a l  t h r u s t e r  components.  The t e s t  p r o c e d u r e  invo lved  c h a r g i n ;  
t h e  1 4  p f ,  h i g h  v o l t a g e  c a p a c i t o r  bank a t  f rom 500 t o  1500 v ,  s e t t i n g  T i .  
k e e p e r  v o l t a g e  i n  t h e  r a n g e  150 t o  200 v and t h e n  t u r n i n g  on t h e  c a t  
v a p o r i z e r  h e a t e r .  The c a t h o d e s  used i n  t h e  s t u d y  were a 7 mm d i a .  JPL 
c a t h o d e  and l a t e r  a SERT I1 c a t h o d e ;  b o t h  were  s u p p l i e d  mercury  vapor 
t h r o u g h  a SERT I1 v a p o r i z e r .  
I n i t i a l  tests were u n s u c c e s s f u l  b e c a u s e  t h e  h i g h  v o l t a g e  discl iar ;?  
cou ld  n o t  b e  e s t a b l i s h e d .  I n  a n  a t t e m p t  t o  i n c r e a s e  t h e  n e u t r a l  mercu r \  
d e n s i t y  i n  t h e  c a t h o d e - k e e p e r - t i c k l e r  r e g i o n  t h e  e n c l o s e d  k e e p e r  con- 
f i g u r a t i o n  shown i n  F i g u r e  36 w a s  t r i e d .  T h i s  change  made i t  p o s s i b l e  tc 
i n i t i a t e  t h e  h i g h  v o l t a g e  d i s c h a r g e .  O s c i l l o g r a p h  t r a c e s  o f  t h e  Rot.('\ 4 
c o i l  ( c u r r e n t )  and h i g h  v o l t a g e  p robe  o u t p u t s  showed t h e  c a p a c i t o r  net, 
work r a n g  down i n  a b o u t  f o u r  c y c l e s  ( w i t h  a 40  u s e c .  p e r i o d ) .  Tni. :  
caused  a k e e p e r  d i s c h a r g e  t o  b e  e s t a b l i s h e d ,  b u t  i t  c o u l d  b e  s u s t a i n e d  
f o r  no more t h a n  a b o u t  20 m i l l i s e c o n d s .  I t  was d e c i d e d  t h a t  t h e  k e e p e r  
power s u p p l y  was p r o b a b l y  c a u s i n g  t h e  d i s c h a r g e  t o  t e r m i n a t e .  S u b s e -  
q u e n t  tests u s i n g  b a t t e r y  power s u p p l i e s  and v a r i o u s  v a l u e s  of capari+;i i  
( C  i n  F i g u r e  35) i n s t a l l e d  as  n e a r  t h e  c a t h o d e  and k e e p e r  a s  p0s:,~1;Li. 7 ,  
s u l t e d  i n  no s i g n i f i c a n t  improvement i n  t h e  d u r a t i o n  o f  t h e  k e i p p r  <:i~: 
c h a r g e .  The r e s i s t a n c e  (R) shown i n  F i g u r e  35 w a s  a d j u s t e d  ove r  t i i r  
r a n g e  z e r o  t o  60 S2 t o  p r e v e n t  t h e  keepe r -ca thode  d i s c h a r g e  frc r l  C I ;  , \ - ?  
e x c e s s i v e  c u r r e n t .  
Fo r  t h e  n e x t  ser ies  of t es t s  t h e  SERT I1 c a t h o d e  was i n s t a l l t i c !  l L  , 
t h e  c a t h o d e  h e a t e r  w a s  employed t o  ass i s t  i n  t h e  i n i t i a t i o n  o f  t h e  d i s -  
c h a r g e ,  t h e  enc losed  keepe r  was removed and r e p l a c e d  by a t a n t a l u m  wirt. 
l o o p  k e e p e r  and t h e  h i g h  v o l t a g e  t i c k l e r  w a s  moved s o  i t  w a s  on t h e  
c a t h o d e  axis .  With t h i s  a r r angemen t  t h e  t i c k l e r  cou ld  b e  moved ~ Y . I ~ + '  I 
5 1  
R o g o w s k i  c o i  1 
I 
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t o  v a r y  the c a t h o d e  t.ick1e.r d i s t a n c e  i n  the m n n e r  siiggesrrci L v  t'Lp::<: 
37. The t e s t  p r o c e d u r e  s s e d  w a s  t o  s e t  rlie k e e p e r  vol.i:age at. l-50 v .-< 
e s t a b l i s h  a c a t h o d e  f l o w  ra te  c o r r e s p o n d i n g  t o  a 300°C v a p o r i z e r  
300 m a ) .  The h i g h  v o l t a g e  was n e x t  se t  a t  t h e  d e s i r e d  level. and t i i c  
c a t h o d e  h e a t e r  c u r r e n t  w a s  r a i s e d  i n  s t e p s  u n c i l  t h e  h i g h  v o l t a g e  dlz:-- 
c h a r g e  o c c u r r e d  and k e e p e r  o p e r a t i o n  was established. Cathode r i p  
t e m p e r a t u r e s  were n e a s u r e d  w i t h  an o p t i c a l .  pyrometer  a t  e a c h  st-.ep i r- .  
crease i n  c a t h o d e  h e a t e r  power S G  i g n i t i o n  c o u l d  be c o r r e l a t e d  with 
t h i s  t e m p e r a t u r e .  Cathode temperatt lrei:  .it r;t-artilp ~ k t e r a i n e d  bv  t i  
means are c o n s i d e r e d  a c c u r a t e  t o  w i  thiin 225°C.  
- .  
F i g u r e  38 shows t h e  c a t h o d e  tempcfraturt. a t  vihicti i g n i t . i o n  occi:?' 
as a f u n c t i o n  of t h e  v o l t a g e  a p p l i e d  t C  the  t i c k l e r .  Two d i s t i n c l -  s'-j-.s, 
of d a t a  p r e s e n t  t h e m s e h e s ;  those. dsislenst.ed bv  s o l i d  syinhoLs w 
o b t a i n e d  immedia te ly  a f t e r  har ium carbannte had bee<) a p p l i e d  t.o t 1 1 ~  t
and i n t e r i o r  of t h e  c.at!iode o r i f i c e  p l a t e ;  t h o s e  d e s i g n a t e d  by open s y - ~  
b o l s  were o b t a i n e d  twa d a y s  l a t e r  a f t e r  .the c a t h o d e  had been  exposed  t o  
t h e  a tmosphere .  The d a t a  s u g g e s t  a s l i . g h t  decsc i? i n  t h e  c,?thC)i!c 
p e r a t u r e  r e q u i r e d  t o  in:Lt . ia te  t h e  k e e p e r  d i s c h a r g e  with t i c k l e r  v~;.t:ii*j ., 
b u t  more d a t a  are  r e q u i r e d  t o  d e t e r m i n e  t h e  e x t e n t  of t h i s  d e c r c a s p  
any d e g r e e  of  conf  idenct? . 
Data p o i n t  A d e s e r v e s  s p e c i a l  ment ion ,  b e c a u s e  t h e  high. v o l t a g e  
t i c k l e r  w a s  c h a r g e d  t o  .i.OOc! v wlien t h e  !cr;eper disi:tlarge stc:i'!.c2dd, bu,.. 
h i g h  v o l t a g e  c a p a c i t o r s  d i d  n o t  d i s c h a r g e  i n  t .h is  c a s e .  The catl-.c;dr?- 
k e e p e r - t i c k l e r  assembly  was observed  d u r i n g  t h e  tes ts  and t h e  : ' c  . : ? - ? T ~ ; , ~ I  
a l w a y s  i n v o l v e d  a glow d i s c h a r g e  which p e r s i s t e d  f o r  of  t h e  o r d e r  <;I - 
few m i n u t e s  b e f o r e  t h e  h i g h  v o l t a g e  d i s c h a r g e  occurred rind k e e p ~ r  ,:.YC 
was e s t a b l i s h e d .  The n a t u r e  o f  t h e  glow d i s c h a r g e  was f n ! T t ? ~  ,J .I 
t h e  v o l t a g e  a p p l i e d  t o  t:he t i c k l e r .  h7ien thw t i  r.1ci.C.r was a t  :+ : I  i ?I; 
p o s i t i v e  p o t e n t i a l ,  t h e  glow becween t h e  c.atncde and  t . t c k ! e r  w 3 s  3 
r g t h e r  i n t e n s e  nar rcw column which passed  th:::j1-1gl1 'ike c e n t e r  o f  t h r 3  
k e e p e r .  As t h e  t i c k l e r  p o t e n t i a l  w a s  redi iced the d i a m e t e r  0.f t h e  g-!.~w 
columi  i n c r e a s e d  and j . tc ,  i . n t e n s i t y  decrca,5tbrl. A f t ?w  t e s t s  (:ond~~::rr?$ 
w i t h  t h e  t i c k l e r  negat.i.ve r e l a t i v e  to t h e  c a t h o d e  showed i.; d i f  f w e  g'lorir 
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t h e  r e g i o n  around t h e  t i c k l e r .  During tests conducted  w i t h  t h e  t i c k l e r  
charged  t o  a h i g h  p o s i t i v e  v o l t a g e  (1500 v -des igna ted  as p o i n t s  B on 
F i g u r e  38) and a t  a p o s i t i o n  less t h a n  1 mm from t h e  c a t h o d e  t i p  ( p l a n e  
of  k e e p e r  a b o u t  1 mm away from c a t h o d e  t i p ) .  
w a s  obse rved  t o  o c c u r  w i t h o u t  i n i t i a t i n g  t h e  k e e p e r  arc d i s c h a r g e .  
The h i g h  v o l t a g e  d i s c h a r g e  
Based on t h e s e  tests i t  h a s  been  concluded  t h a t  a h i g h  v o l t a g e  
t i c k l e r  d i s c h a r g e  which d o e s n ’ t  p u l l  t h e  e l e c t r o n  c u r r e n t  a c r o s s  t h e  
k e e p e r  i s  i n e f f e c t i v e  i n  e s t a b l i s h i n g  a s t e a d y  k e e p e r  d i s c h a r g e .  Addi- 
t i o n a l  tests i n  which 1 )  t h e  h i g h  v o l t a g e  i s  a p p l i e d  between t h e  k e e p e r  
and t h e  ca thode  and 2 )  t h e  t i c k l e r  i s  l o c a t e d  on a l i n e  between t h e  
c a t h o d e  and a p a r t  o f  t h e  k e e p e r  are p lanned  t o  c o n f i r m  t h i s  c o n c l u s i o n .  
THERMAL FLOW METER* 
I n  t h e  c o u r s e  of  conduc t ing  e x p e r i m e n t a l  s t u d i e s  o f  mercury bornbard- 
ment t h r u s t e r s ,  c o n s i d e r a b l e  t i m e  i s  consumed i n  w a i t i n g  t o  o b t a i n  accu-  
ra te  mercury f low rate  i n f o r m a t i o n .  Th i s  problem cou ld  b e  a l l e v i a t e d  i f  
a c o n t i n u o u s l y  i n d i c a t i n g  a c c u r a t e  f lowmeter  were a v a i l a b l e .  The t h e r m ;  
f lowmeter  measur ing  l i q u i d  f low rate  h a s  been  proposed  as a p o s s i b l e  
s o l u t i o n .  
i n t o  a t u b e  c a r r y i n g  t h e  f lowing  l i q u i d  mercury.  I f  one measures  t h e  
t e m p e r a t u r e  of t h e  f l u i d  a t  two l o c a t i o n s :  1 )  downstream of t h e  p o i n t  of 
h e a t  a d d i t i o n  (Tmeas),  and 2 )  s u f f i c i e n t l y  f a r  ups t r eam of  t h i s  p o i n t  so 
t h e  ambient  f l u i d  t e m p e r a t u r e  (T ) i s  s e n s e d ,  t h e  mass f low ra te  (m) i s  
g i v e n  by  
The b a s i c  concept  i n v o l v e s  t h e  a d d i t i o n  of  h e a t  a t  a ra te  4 
r e f  
n 
where C i s  t h e  s p e c i f i c  h e a t  of  t h e  f l o w i n g  f l u i d .  The d e v i c e  b e i n g  used 
p r e s e n t l y  r e q u i r e s  h e a t  i n p u t  a t  a f i x e d  ra te  and t h e  o u t p u t  of t h e  i n -  
s t r u m e n t  i s  t h e  t e m p e r a t u r e  d i f f e r e n c e  (T -T ) which i s  i n v e r s e l y  meas r e f  
* 
Work performed by R i c h a r d  Vahrenkamp, Graduate  S t u d e n t .  
55 
p r o p o r t i o n a l  t o  mass f l o w  rate*. 
The d e v i c e  des igned  f o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n  i s  shown schemat-  
i c a l l y  i n  F i g u r e  3 9 .  
bead  t h e r m i s t o r s  connec ted  i n t o  t h e  Wheats tone  b r i d g e  c i r c u i t  a s  shown. 
Both  t h e r m i s t o r s  are  mounted so  t h e y  are  i n  c o n t a c t  w i t h  t h e  mercury  
f l o w i n g  w i t h i n  t h e  0 .33  mm I . D .  s t a i n l e s s  s t ee l  f l o w  t u b e .  The the rmis -  
t o r s  have  a r e s i s t a n c e  of  a b o u t  10  ks2 a t  25 OC, a t i m e  c o n s t a n t  of  a b o u t  
2 s econds ,  and a d i s s i p a t i o n  c o n s t a n t  of  0 .7  m i l l i w a t t s /  C .  The c u r r e n t  
t h rough  t h e  152 h e a t e r  y i e l d s  a n  i n p u t  power of a b o u t  100 m i l l i w a t t s .  
e n t i r e  f l o w  tube - senso r  assembly  i s  enc losed  i n  P l e x i g l a s  t o  e l i m i n a t e  
s p u r i o u s  c o n v e c t i v e  h e a t  l o s s e s .  
The t e m p e r a t u r e s  a re  sensed  by two 1 mm d i a .  g l a s s  
0 
The 
The t e m p e r a t u r e  p r o f i l e  be tween t h e  h e a t e r  and Rref n e g l e c t i n g  h e a t  
9 
t r a n s f e r  t h r o u g h  and a l o n g  t h e  s t a i n l e s s  s t ee l  f l o w  tube ,  i s  g i v e n  by:  
r . i  
where  C and k are t h e  s p e c i f i c  h e a t  and c o n d u c t i v i t y  of t h e  l i q u i d  mercury 
T r e f  f l o w i n g  a t  a r a t e  6. 
t o  have  a n  exponent  n e a r  minus f i v e  which c o r r e s p o n d s  t o  a n  Rre f -hea te r  
s e p a r a t i o n  d i s t a n c e  x 111 c m  a t  a mercury f l o w  r a t e  4 = 100 m a .  
) -+ 0, i t  was d e s i r a b l e  I n  o r d e r  t o  a s s u r e  (T - 
A t r a c i n g  o f  a t y p i c a l  v o l t a g e  o u t p u t  vs. t i m e  trace is  shown as  
F i g u r e  40.  The c u r r e n t s  i n d i c a t e d  are  v a p o r i z e r  h e a t e r  c u r r e n t s  s u p p l i e d  
t o  a SERT I1 v a p o r i z e r  which w a s  used t o  produce  t h e  d e s i r e d  f l o w  rates.  
The i n i t i a l  c u r r e n t  ( 1 . 3  amps) s u p p l i e d  t o  t h e  v a p o r i z e r  i s  s e e n  t o  pro- 
d u c e  a n e g a t i v e  f l o w  r a t e  as t h e  mercury b e i n g  h e a t e d  a t  t h e  v a p o r i z e r  
expands.  When t h e  v a p o r i z e r  t e m p e r a t u r e  r eached  300 C i t  w a s  n e c e s s a r y  
t o  r e d u c e  t h e  h e a t e r  c u r r e n t  t o  m a i n t a i n  t h i s  t e m p e r a t u r e  and t o  a c h i e v e  
a c o n s t a n t  f l o w  r a t e  c o r r e s p o n d i n g  t o  t h e  300 C f l o w  rate. One c a n  see 
i t  t o o k  a b o u t  a n  hour  t o  a c h i e v e  t h e  s t e a d y  f l o w  c o n d i t i o n .  
0 
0 
F i g u r e  4 1  p r e s e n t s  p r e l i m i n a r y  a t t e m p t s  a t  t h e  e s t a b l i s h m e n t  of  a 
c a l i b r a t i o n  c u r v e .  A c t u a l  f l o w  rates were measured by t i m i n g  t h e  d r o p  
* 
T h i s  t y p e  o f  d e v i c e  c a n  a l s o  o p e r a t e  s o  t h e  t e m p e r a t u r e  d i f f e r e n c e  i s  
h e l d  c o n s t a n t  by a d j u s t m e n t  of  t h e  h e a t  f l u x  th rough  a f eedback  ne twork .  
I n  s u c h  an i n s t r u m e n t  t h e  power t o  t h e  h e a t e r  i s  d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  mass f low rate ,  and i t  r e p r e s e n t s  t h e  o u t p u t  s i g n a l .  
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of t h e  mercury meniscus i n  a c a l i b r a t e d  g l a s s  t u b e .  A d d i t i o n a l  t e s t i n g  
i s  r e q u i r e d  t o  o b t a i n  d a t a  a t  l o w  flow ra tes ,  t o  d e t e r m i n e  r e p r o d u c i b j ! i t u  
and s e n s i t i v i t y  t o  ambient  c o n d i t i o n s  and flow t u b e  h e a t e r  c u r r e n t ,  and 
t o  a s s u r e  r e l i a b l e  o p e r a t i o n  on an o p e r a t i n g  t h r u s t e r .  
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APPENDIX A 
INTERPRETATION OF LANGMLJIR PROBE DATA 
The Langmuir probe  traces shown i n  F i g u r e  A-1 are  t y p i c a l  of  t h o s e  
o b t a i n e d  d u r i n g  t h i s  t es t  s e q u e n c e .  The o u t p u t s  of t h e  p r o b e s ,  which 
s e n s e  main and c a t h o d e  d i s c h a r g e  plasma p r o p e r t i e s  i n  t h e  v i c i n i t y  of  
t h e  b a f f l e  a p e r t u r e ,  were g e n e r a l l y  r e c o r d e d  w i t h i n  one minute  of  each  
o t h e r  on  t h e  same s h e e t  o f  p a p e r  as shown. 
The c a t h o d e  probe  t r ace  i s  a n a l y z e d  f i r s t  b y  p l o t t i n g  probe  c u r r e n t  
vs .  probe  v o l t a g e  on semi- log  p a p e r  i n  t h e  manner shown i n  F i g u r e  A-2 
and i n t e r p r e t i n g  t h e  d a t a  i n  t h e  u s u a l  way. The plasma p o t e n t i a l ,  $ 
i s  d e t e r m i n e d  by  t h e  b r e a k  i n  t h e  c u r v e .  
i s  g i v e n  i n  e l e c t r o n  v o l t s  by t h e  e q u a t i o n :  
4 
The e l e c t r o n  t e m p e r a t u r e ,  Te, 
C A t l i ’  
V(1r)I) - V ( 1 )  T =  
e 2 . 3  
where t h e  n u m e r a t o r  r e p r e s e n t s  t h e  v o l t a g e  change o v e r  a decade  change i n  
probe  c u r r e n t .  For t h e  Langmuir probe s u r f a c e  area of  3.37 x 10-‘mm? ;.ak-d 
-3 i n  t h e s e  tests t h e  e l e c t r o n  d e n s i t y ,  n (cm ) i s  g i v e n  by:  
e ’  
i 
s a t  n = 1.11 x 1 0 ’ 0  -
e Jr 
e 
where i i s  t h e  s a t u r a t i o n  c u r r e n t  (ma) i d e n t i f i e d  i n  F i g u r e  A-2 .  sa t  
I n  o r d e r  t o  e v a l u a t e  t h e  main d i s c h a r g e  probe  t r a c e  i t  i s  n e c e s s a r v  
4 t o  s u b t r a c t  of t h e  p r i m a r y  e l e c t r o n  c o n t r i b u t i o n  t o  t h e  c u r r e n t  . Prc- 
v i o u s  w o r k e r s  seem t o  have accompl ished  t h i s  l a r g e l y  by  g u e s s ,  b u t  tf ic .  
a v a i l a b i l i t y  of  a c a t h o d e  probe  t race  makes i t  p o s s i b l e  t o  de te rmi t ic  tile 
p r i m a r y  e l e c t r o n  c u r r e n t  more a c c u r a t e l y  u s i n g  t h e  f o l l o w i n g  trL5nL;ue. 
The c a t h o d e  r e g i o n  plasma p o t e n t i a l  i s  p l o t t e d  on t h e  page c o n t a i n -  
i n g  traces as a v e r t i c a l  d o t t e d  l i n e  i n  t h e  manner shown on F i g u r e  A - 3 .  
The e n e r g y  o f  t h e  p r i m a r y  e l e c t r o n s  s h o u l d  be  about  e q u a l  t o  t h e  d i f f e r -  
e n c e  between t h e  main and c a t h o d e  d i s c h a r g e  plasma p o t e n t i a l s .  T h i s  
means t h e  p r i m a r y  e l e c t r o n  c u r r e n t  s h o u l d  b e g i n  t o  a p p e a r  on t h e  main 
d i s c h a r g e  trace a t  a v o l t a g e  e q u a l  t o  I$ 
A-3 ( i n t e r s e c t i o n  o f  c$ and t h e  h o r i z o n t a l  e x t e n s i o n  of t h e  i o n  currenr 
i . e .  a t  p o i n t  A i n  F i g u r e  c a t h ’  
c a t h  
6 3  
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p o r t i o n  of t h e  main t r a c e ) .  A l i n e  from A ,  t a n g e n t  t o  t h e  main t r a c e  
would t h e r e f o r e  b e  t h e  b e s t  r e p r e s e n t a t i o n  of t h e  p r imary  e l e c t r o i l  con- 
t r i b u t i o n ,  and t h e  d i f f e r e n c e  between A-B and t h e  main t r a c e  i s  p l o t t e d  
as shown i n  F i g u r e  A-4 and a n a l y z e d  i n  t h e  same way as t h e  c a t h o d e  d i s -  
c h a r g e  t o  o b t a i n  t h e  Maxwellian p r o p e r t i e s  o f  t h e  main d i s c h a r g e  p l a sma .  
The p r imary  e l e c t r o n  e n e r g y  (< i n  e v )  i s  t h e n  g iven  by t h e  d i f f e r e n c e  
between t h e  two plasma p o t e n t i a l s  and t h e  p r i m a r y  e l e c t r o n  d e n s i t y  
P 
-3 
i n  c m  ) i s  g i v e n  by: 
("P 
where i i s  t h e  p r imary  e l e c t r o n  c u r r e n t  ( i n  ma) a t  t h e  main d i s c h a r g e  





I O N  BEAM FLATNESS PARAMETER 
I n  o r d e r  t o  f a c i l i t a t e  t h e  comparison of  severa l  i o n  beam p r o f i l e s  
p a r t i c u l a r l y  i f  t h e y  were o b t a i n e d  a t  d i f f e r e n t  t o t a l  beam c u r r e n t s ,  a n  
i o n  beam f l a t n e s s  p a r a m e t e r  (IF) h a s  been d e v i s e d .  I t  i s  d e f i n e d  a s  
t h e  r a t i o  of  t h e  a v e r a g e  c u r r e n t  d e n s i t y  ( j  ) o v e r  t h e  maximum c u r r e n t  
d e n s i t y  i n  t h e  beam ( j m a x ) .  
ave 
E = -  j a v e  
jmax 
For  a c y l i n d r i c a l  beam t h i s  becomes 
where r i s  t h e  o u t e r  r a d i u s  of  t h e  beam. T h i s  r a d i u s  may exceed  t h e  
r a d i u s  o f  t h e  beam a t  t h e  a c c e l  g r i d  b e c a u s e  o f  beam s p r e a d i n g  a t  t h e  
s e n s i n g  l o c a t i o n .  T h i s  p a r a m e t e r  t a k e s  on t h e  v a l u e  z e r o  f o r  a d e l t a  
f u n c t i o n  p r o f i l e  and t h e  v a l u e  u n i t y  f o r  a u n i f o r m  p r o f i l e .  
0 
The i n t e g r a t i o n  i m p l i e d  i n  t h e  p r e c e d i n g  e x p r e s s i o n  i s  accompl ished  
n u m e r i c a l l y  by  summing t h e  c u r r e n t  d e n s i t i e s  ( j . )  a t  two d i a m e t r i c a l l y  
opposed l o c a t i o n s  on  t h e  area c e n t r o i d  c i r c l e s  i n  e a c h  of  a s p e c i f i e d  





i=-n 2n l F =  
r .  ' (2i-1) ' where j ' s  are t h e  c u r r e n t  d e n s i t i e s  a t  r a d i i  g i v e n  by r = ?\ i i 2n 0 
For  t e n  e q u a l  area segments  t h i s  becomes: 
10 
67  
and t h e  j i ' s  are measured a t  o r  i n t e r p o l a t e d  t o  t h e  following radii: 
rl = 2 0 . 2 2 4  ro  
r 2  = t 0 . 3 8 8  ro  
r 3  = 5 0 .501  ro 
1-4 = +- 0 . 5 0 3  ro  
r 5  = f 0 . 6 7 2  ro 
r g  = 2 0 . 7 4 3  ro 
r 7  = +- 0.809 ro  
re = 2 0 . 8 6 8  ro 
'9 = +- 0 . 9 2 4  r 





EFFECT OF CATHODE DISCHARGE S I Z E  ON I O N  
LOSSES TO CATHODE R E G I O N  WALLS 
B e a m  i o n  p r o d u c t i o n  c o s t s  a re  d e t e r m i n e d  by  t h e  l o s s e s  a s s o c i a t e d  
w i t h  b o t h  t h e  main and c a t h o d e  d i s c h a r g e s .  
c e t h o d  f o r  d e t e r m i n i n g  t h e s e  c o s t s  by  c a l c u l a t i n g  t h e  i o n  c u r r e n t s  t o  
t h e  w a l l s  c o n f i n i n g  e a c h  of t h e  a s s o c i a t e d  d i s c h a r g e s .  H e  f u r t h e r  sug-  
g e s t s  t h a t  a r e d u c t i o n  i n  t h e  d i m e n s i o n s  o f  t h e  c a t h o d e  d i s c h a r g e  s h o u l d  
-educe t h e  beam i o n  p r o d u c t i o n  c o s t s .  
s u r v e y  h a s  n o t  b e e n  o b t a i n e d  i n  t h e  c a t h o d e  d i s c h a r g e  r e g i o n ,  d a t a  from 
t h e  s i n g l e  p r o b e  used p r o v i d e s  t h e  i n f o r m a t i o n  n e c e s s a r y  t o  estimate t h e  
l o s s e s  i n  t h i s  r e g i o n .  
MasekI3 h a s  s u g g e s t e d  a 
Al though a c o m p l e t e  Langmuir p r o b e  
F i g u r e  C-1 shows t h e  v a r i a t i o n  of c a t h o d e  r e g i o n  e l e c t r o n  (and i o n )  
d e n s i t y  w i t h  c a t h o d e  r e g i o n  d i m e n s i o n a l  changes  f o r  a f i x e d  d i s t r i b u t i o n  
o f  c a t h o d e  and main f l o w s  o b t a i n e d  from t h e  c a t h o d e  Langmuir p r o b e  o u t p u t .  
F i g u r e s  1 9  and 2 0  show s imi l a r  d a t a  f o r  v a r i a b l e  c a t h o d e  f l o w  c o n d i t i o n s .  
U n f o r t u n a t e l y  t h e  d a t a  o f  F i g u r e  C - 1  w e r e  o b t a i n e d  a t  v a r i a b l e  p r o p e l l a n t  
u t i l i z a t i o n s  ( v a l u e s  i n d i c a t e d  on each  c u r v e ) .  The d a t a  o f  b o t h  sets o f  
f i g u r e s  show a b o u t  t h e  same magni tudes  and a u n i v e r s a l  t endency  f o r  t h e  
c a t h o d e  r e g i o n  e l e c t r o n  d e n s i t y  t o  d r o p  o f f  f o r  s h o r t  c a t h o d e  r e g i o n  l e n g t h s .  
C a l c u l a t i o n  of  t h e  d i s c h a r g e  power l o s s e s  d u e  t o  i o n  c u r r e n t  t o  t h e  c a t h o d e  
p o l e  p i e c e  and b a f f l e  w a l l s  from t h e  c a t h o d e  d i s c h a r g e  r e g i o n  h a s  been  
accompl ished  u s i n g  t h e s e  d a t a  and t h e  Bohm c r i t e r i o n  t o  d e t e r m i n e  i o n  
v e l o c i t y  i n  t h e  manner s u g g e s t e d  by  Masek . The i o n  c u r r e n t  t o  c o n f i n -  
i n g  w a l l s  J (amps) i s  g i v e n  by:  
1 3  
i 
= 1.11 x A n 5 
Ji  e e  
where A i s  t h e  c a t h o d e  d i s c h a r g e  r e g i o n  i n t e r i o r  area ( c m 2 ) ,  n 
e l e c t r o n  d e n s i t y  (cmW3> and T e 
o n e  a s s i g n s  a n  a p p r o x i m a t e  i o n  p r o d u c t i o n  c o s t  o f  70 ev /p lasma- ion  based  
on  Masek ' s  r e s u l t s ,  t h e  power l o s s  d u e  t o  i o n  w a l l  c u r r e n t s  t o  t h e  i n t e r i o r  
of  t h e  c a t h o d e  d i s c h a r g e  r e g i o n ,  P (ev/beam-ion) c a n  b e  e s t i m a t e d :  
i s  t h e  
I f  
e 






n; t o t a , = 8 2 5  ma 
= 9 6  ma m h  C 
, 
E' 
ril = 4 6 4  a 
rn ~ 2 3 6  v.12 hC 
FIGURE C-1 
P =  
IB C 
I used i n  t h i s  e q u a t i o n  i s  t h e  beam c u r r e n t  e x p r e s s e d  i n  amperes .  
The r e s u l t s  of t h e  above a n a l y s i s  a re  p r e s e n t e d  i n  F i g u r e s  C-2 and 
B 
C-3 where t h e  power losses d u e  t o  t h e  i o n  c u r r e n t  t o  t h e  c o n f i n i n g  wal ls  
of  t h e  c a t h o d e  d i s c h a r g e  a r e  p r e s e n t e d  a s  a f u n c t i o n  of  t h e  d i m e n s i o n s  
of  t h e  d i s c h a r g e .  The two f i g u r e s  show d a t a  o b t a i n e d  f o r  t h e  f i x e d  
c a t h o d e  f l o w  ( F i g u r e  C-2)  and v a r i a b l e  c a t h o d e  f l o w  ( F i g u r e  C-3) cases 
which w e r e  d i s c u s s e d  i n  t h e  body of  t h e  r e p o r t .  T h e s e  f i g u r e s  show a con- 
s i s t e n t  tendency  f o r  r e d u c t i o n s  i n  c a t h o d e  d i s c h a r g e  l e n g t h  or  d i a m e t e r  
t o  r e d u c e  i o n  l o s s e s  i n  t h e  c a t h o d e  d i s c h a r g e  r e g i o n .  The f a c t  t h a t  t h r o t -  
t l e d  f l o w  c a t h o d e  d i s c h a r g e  l o s s e s  a r e  g r e a t e r  t h a n  t h o s e  o b s e r v e d  a t  t h e  
h i g h  f l o w  r a t e  and t h a t  d i m e n s i o n a l  changes  h a v e  t h e  g r e a t e s t  i n f l u e n c e  
on t h e s e  l o s s e s  f o r  t h r o t t l e d  f l o w  i s  of  i n t e r e s t .  T h i s  o c c u r s  p r i m a r i l y  
b e c a u s e  c a t h o d e  r e g i o n  i o n  l o s s e s  a r e  a l m o s t  f i x e d  and t h e i r  e f f e c t  on 
t h e  beam i o n  c o s t  i s  most s i g n i f i c a n t  a t  l o w e r  beam c u r r e n t  c o n d i t i o n s .  
The l o s s e s  i n d i c a t e d  f o r  t h e  low f l o w  r a t e  c o n d i t i o n  a r e  c o n s i d e r e d  some- 
what  h i g h ,  p r o b a b l y  b e c a u s e  of t h e  assumed plasma i o n  p r o d u c t i o n  c o s t ,  
which w i l l  v a r y  w i t h  c a t h o d e  r e g i o n  i o n  and n e u t r a l  d e n s i t y  c o n d i t i o n s .  
I o n  w a l l  losses i n  t h e  c a t h o d e  r e g i o n  show a u n i v e r s a l  t e n d e n c y  for reduc-  
t i o n s  i n  c a t h o d e  d i m e n s i o n s  t o  r e d u c e  beam i o n  p r o d u c t i o n  c o s t s .  The 
f a c t  t h a t  t h e  per formance  d a t a  p r e s e n t e d  i n  F i g u r e s  10,  1 7 ,  and 18 show 
b o t h  r e d u c t i o n s  and i n c r e a s e s  i n  d i s c h a r g e  power w i t h  r e d u c t i o n s  i n  
c a t h o d e  d i m e n s i o n s  means v a r i a t i o n s  i n  l o s s e s  i n  t h e  main d i s c h a r g e  
m i t i g a t e  a g a i n s t  per formance  improvements a c h i e v e d  t h r o u g h  r e d u c t i o n  i n  
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